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ABSTRACT
Brackish water bodies in coastal regions provide critical ecosystem services that support
human and environmental health. Anthropogenic activities such as agricultural and industrial
activities, construction, urban settlements, and tourism contribute to increased inputs of nitrogen
(N) and phosphorus (P) in brackish coastal ecosystems. Excess nutrients can lead to impaired
water quality and affect marine organisms. Floating treatment wetlands (FTWs) are a vegetatedbase technology used to remove contaminants from water column, that has been mainly studied
and applied in freshwater systems. Application of FTWs in brackish systems requires further
investigation, as high salinity in brackish waters could result in toxicity to many plant species.
The goal of this research was to 1) evaluate the salinity tolerance of four plant species
established in FTWs at different salinity levels, and 2) quantify the nutrient removal efficiency
of two plant species in FTWs established in brackish waters. First, a mesocosm-scale FTW
experiment was conducted to evaluate survival and characterize plant growth in Distichlis
spicata, Juncus roemerianus, Spartina alterniflora and Spartina patens plants, and plant tissue
nutrient concentrations of plants deployed in 0.5, 5.0, and 18 parts per thousand (ppt) salinity.
Then, a mesocosm-scale FTW experiment was conducted to evaluate plant growth in J.
roemerianus and S. alterniflora plants, plant tissue nutrient concentrations, and N and P removal
efficiency, in plants deployed in three different salinity levels (0.5, 5.0, and 18 ppt) and two
nutrient concentrations (Low and High).
These experiments showed that saltmarsh plants evaluated behaved differently when
exposed to different salinity concentrations. D. spicata was negatively influenced by higher
salinity, producing the least biomass. Development and biomass production of J. roemerianus
was affected by transplant shock, age-response of plant tissue, and salinity. S. alterniflora grew
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similarly across all salinities, and S. patens grew similarly in all salinities but presented salinity
stress symptoms (e.g., leaf chlorosis) at higher salinities.
These experiments showed that J. roemerianus and S. alterniflora both had high N and
P removal efficiency across all salinities and nutrient concentrations. Floating treatment
wetlands had up to 99% N removal in the presence of J. roemerianus and S. alterniflora.
Phosphate removal was from 75-97% with J. roemerianus and 54-97% with S. alterniflora.
These results indicate that J. roemerianus and S. alterniflora are suitable species that could be
used in FTWs for N and P removal from brackish water bodies.
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CHAPTER 1: LITERATURE REVIEW
Introduction
Nutrient pollution in coastal ecosystems is a global problem. Pollution has
increased in the past decades due to anthropogenic activities and represents a threat to the
sustainability of coastal and marine environments. Coastal ecosystems provide ecological
services of great importance: shoreline buffering, storage and cycling of nutrients,
conservation of biodiversity, and maintenance of water quality (Burke et al., 2001).
Amongst coastal ecosystems, brackish water ecosystems (i.e., wetlands, salt marshes,
estuaries, mangroves, and coastal lagoons) are most affected by anthropogenic activities
(Torres-Alvarado et al., 2019). Brackish water ecosystems represent the interface
between terrestrial and marine environments and are influenced by the combination of
seawater and freshwater and a series of biological and ecological features fundamental to
the sustainability of all coastal ecosystems (Torres-Alvarado et al., 2019). Sources of
contaminants that affect coastal ecosystems can be human settlements, agricultural and
industrial activities, infrastructural development and construction, urban areas, and
tourism. Major contaminants contributing to aquatic pollution include persistent organic
chemicals, nutrients, oils, heavy metals, pathogens, sediment, litter, and debris (Williams,
1996). The pollution of aquatic ecosystems is interconnected with land-based activities
and therefore requires joint efforts for environmental management.
Accordingly, efforts to improve water resource management include
implementation of contaminant prevention and remediation strategies. Worldwide,
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research oriented towards remediation technologies to improve water quality in aquatic
ecosystems is being conducted. Floating treatment wetlands (FTWs) are a remediation
technology that both offer a solution to remove contaminants (e.g., nutrients, metals,
pathogens, and oil) from water, while being economically feasible to install with few
environmental impacts (Colares et al., 2020). Floating treatment wetlands consists of
emergent vegetation that grows hydroponically on structures (hereafter – FTW scaffolds)
floating on the waters’ surface (Headley & Tanner, 2008). This vegetation-based
technology remediates contaminants present in wastewater from different industries,
stormwater runoff, and other types of wastewater (Colares et al., 2020). Little research
has been conducted in their applicability in brackish coastal ecosystems (Lyu et al.,
2020a; Sanicola et al., 2019).
Brackish water ecosystems
Based on salinity level, water is categorized as freshwater, brackish water, or
seawater (Alghoul et al., 2009). Brackish water is the term used to define water with
salinity levels between those of freshwater and saltwater (Rich & Maier, 2015). Seawater
has a total dissolved solids (TDS) concentration above 35,000 mg/L TDS (35 ppt). The
salinity of brackish water can range from 500-30,000 mg/L TDS (0.5-30 ppt). Generally,
the salinity of freshwater is less than 500 mg/L TDS (0.5 ppt) (Alghoul et al., 2009;
NOAA, 2021). The most common constituents in brackish water are sodium, chloride,
calcium, magnesium, sulfate, and bicarbonate ions, while silicates, iron, strontium,
barium, fluoride, selenium, and boron are present at lower concentrations (Table 1.1)
(Gray et al., 2011). Brackish waters are found in groundwaters (saline aquifers), surface
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waters (erosion-based), or mixing zones of seawater with freshwater in coastal areas
(Gray et al., 2011). Ionic composition and content of brackish waters vary geographically
and throughout the year and are highly influenced by hydrological conditions and
anthropological activities (Gray et al., 2011).

Table 1.1. Example of brackish water compositions from various sources in the US.
Source: Gray et al., 2011; Voutchkov, 2010.
Analyte
(mg L-1)
TDS
Arsenic
Barium
Bicarbonate
Boron
Bromide
Calcium
Chloride
Fluoride
Magnesium
Nitrate
Potassium
Selenium
Silica
Sodium
Strontium
Sulfate

Cape Hatteras,
North Carolina
13,960
223
1.2
12.5
545
6,696
1.0
1,398
1.0
99
22
4,961
173

Panoche Water
District (San
Joaquin Valley,
CA), DP-25 Well
8500
274
23.5
492
1190
255
337
4.3
0.47
31.4
1810
78.0
4080

Indian Wells
Valley Water
District, CA
1630
0.005
370
1.74
164
236
1.0
49.0
72.0
6.1
0.059
45.0
333
1.55
570

Colorado
River Water,
Yuma, AZ
941
0.1
212
95.0
164
34.5
11.6
166
1.24
322

Habitats with brackish waters include ecosystems such as estuaries, coastal
lagoons, and coastal wetlands (salt marshes and mangroves) (Rich & Maier, 2015;
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Torres-Alvarado et al., 2019). An estuary is a semi-enclosed coastal body of water, with
an open connection to the sea and has seawater mixed with freshwater from land drainage
(Pritchard, 1967). Estuaries present varying levels of salinity and turbidity as they are
influenced by changes in tidal cycles that can increase salinity, and rainfall that can
increase freshwater, while the varying turbidity results in muddy intertidal areas (Elliott
& McLusky, 2002; Rich & Maier, 2015). Coastal lagoons are enclosed shallow bodies of
water with a sand barrier (littoral cord) and are only connected to the sea through tidal
channels (Torres-Alvarado et al., 2019). Estuaries and coastal lagoons serve as filters by
trapping contaminants in sediments and provide reproduction and feeding zones for
marine organisms and migratory birds (Elliott & McLusky, 2002; Torres-Alvarado et al.,
2019).
Wetlands are ecosystems where soils are periodically or permanently saturated
with water (Rich & Maier, 2015). Coastal wetlands are generally of two types: salt
marshes and mangrove wetlands (Ibáñez et al., 2012). Salt marshes are intertidal habitats
with rooted vegetation on soils usually composed of mud and peat that are cyclically
flooded and drained by saltwater (NOAA, 2021). Salt marshes are characterized by grass
vegetation, a high content of organic matter, fluctuations in environmental parameters
(i.e., temperature, hypoxia, and salinity) and are usually found in temperate zones (Ibáñez
et al., 2012; NOAA, 2021; Whitehead et al., 2012). Mangrove wetlands are ecosystems
dominated by trees that occur in tropical and subtropical coastal areas (Twilley & Day Jr,
2013). Coastal wetlands have significant ecological and economic importance, as they
filter and sequester excess nutrients and contaminants, prevent shoreline erosion, help to
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absorb floodwater, support biodiversity, increase soil formation by sedimentation and
accumulation of organic matter, and support nutrient cycling (Ibáñez et al., 2012).
Pollution in brackish water ecosystems
Most coastal ecosystems are polluted, threatening conservation of aquatic
resources and commercial activities such as fisheries (Islam & Tanaka, 2004). Sources of
pollution of coastal ecosystems are a result of anthropogenic activities such as industrial
and domestic sewage, agricultural runoff, sediments, oil discharges and spills, and solid
waste from urbanization (Burke et al., 2001). Persistent organic chemicals (POCs) are a
group of synthetic compounds that are highly prone to bioaccumulation and are persistent
in the environment (Burke et al., 2001). POCs include industrial polychlorinated
biphenyls (PCBs), polychlorinated dioxins and furans, and pesticides (e.g., DDT
(dichloro-diphenyl-trichloroethane), chlordane, and heptachlor) (Burke et al., 2001).
Excess nutrients (i.e., nitrogen and phosphorus) in aquatic systems can cause
eutrophication, algal blooms, and other harmful effects in the ecosystem (National
Research Council, 2000). Eutrophication may affect coastal ecosystems by increasing
production of algal blooms, resulting in changes in biodiversity, increased sedimentation,
and hypoxia and anoxia (National Research Council, 2000). The major contributors of
nutrients into coastal systems are agricultural runoff, aquaculture, industrial waste, and
human development sources (septic tanks, urban wastewater, and urban stormwater
runoff) (Islam & Tanaka, 2004; Paerl et al., 2006). Current mitigation strategies in situ to
remove nutrients from brackish water ecosystems include testing the application of
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aquaculture (using seaweed, shellfish, oysters) and research using bioreactors (EPA,
2021; Kellogg et al., 2014; Xiao et al., 2017).
Floating Treatment Wetlands
In evaluating technologies to remediate water, FTWs emerged as an option for
brackish systems that are a variation of constructed wetlands (CWs). In the literature,
FTWs are also referred to as constructed floating wetlands, hydroponic root masses,
artificial floating islands, ecological floating beds, and floating vegetated mats (Headley
& Tanner, 2012; Hubbard, 2010; Lyu et al., 2020; Pavlineri et al., 2017; Yeh et al.,
2015). Floating treatment wetlands differ from CWs in that the roots of plants in CWs are
fixed within a sediments or substrate, whereas in a FTW, the vegetation is held by a
scaffold that floats on or is suspended on the water’s surface, with the root system
extending within the water column (Headley & Tanner, 2008). According to the
literature, FTWs have been used at a variety of scales including bench (X. Li & Guo,
2017), mesocosm (Abed et al., 2017), pilot (Nichols et al., 2016), and real scale (Tharp et
al., 2019).
The main purpose of FTW installation is remediation of contaminated surface
waters (Shahid et al., 2018). Applications of FTWs include removal of organic and
inorganic contaminants, including nutrients [e.g., phosphorus (P) and nitrogen (N)]
(Keizer-Vlek et al., 2014), heavy metals (Ladislas et al., 2013), suspended solids (Shahid
et al., 2018), hydrocarbons (Fahid et al., 2020; Rehman et al., 2019), and some
pharmaceuticals (e.g., acetaminophen and carbamazepine) and herbicides (e.g., atrazine)
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(Hwang et al., 2020). Floating treatment wetlands efficiently mitigate contaminants
within different types of water including stormwater runoff (Lynch et al., 2015), urban
runoff (Tharp et al., 2019), agricultural runoff (Spangler et al., 2019), industrial
effluents (Tara et al., 2019), surface waters (Jones et al., 2017), oil field-based water
(Rehman et al., 2019), and untreated sewage effluent (Ijaz et al., 2015), making FTWs an
adaptable option for many applications.
Removal of nutrients is one of the major applications of FTWs, due to the
detrimental effects that excess nutrients cause in aquatic ecosystems. Nitrogen and P are
considered limiting factors for eutrophication of surface waters (Garcia Chance et al.,
2020). Increased eutrophication can lead to harmful algal blooms, reduction in dissolved
oxygen (DO) in the water column, and loss of aquatic biodiversity (Carpenter et al.,
1998). Research indicates FTWs remove 38 to 92% of total nitrogen (TN) (Garcia
Chance et al., 2020; X. Li & Guo, 2017), and 23 to 95% of total phosphorus (TP) from
synthetic samples receiving irrigation return flow and sewer effluent (Di Luca et al.,
2019; Garcia Chance et al., 2020). Nutrient removal rates can vary greatly, depending on
the composition of water in which the FTW is placed, species of plants used, and
operational parameters (Shahid et al., 2018).
Heavy metals are another major contaminant of concern for water treatment due
to their toxicity, pervasiveness, and persistence in the environment (Ladislas et al., 2013).
Several studies evaluating the runoff of surface waters and stormwater indicate that
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FTWs effectively aid in removing metals such as nickel, copper, zinc, chromium, arsenic,
cadmium, mercury, and lead (Shahid et al., 2018; Tanner & Headley, 2011).
Mechanisms of contaminant removal
Floating treatment wetlands can remove contaminants from water through various
biochemical and physical processes facilitated by the vegetation, microorganisms, and
their interactions (Pradhanang et al., 2019; Shahid et al., 2020). Phytostabilization
immobilizes the contaminants in situ by accumulating them in the plant tissues and the
soil around the roots, making it an effective control method for heavy metals that can
later be extracted (Susarla et al., 2002). Phytoextraction (phytoaccumulation) is one of
the primary mechanisms facilitating contaminant removal. Phytoextraction involves
removal of contaminants from the water column by direct uptake into the root system and
translocation to different parts of the plant (Ali et al., 2020). Contaminants that can be
removed through plant uptake in FTWs include nutrients, mainly N and P, as well as
some heavy metals (Shahid et al., 2018). Once translocation of contaminants occurs,
FTW management may include both plant harvest and replanting of FTWs to promote
reduced internal cycling of nutrients in the water body and facilitate additional nutrient
uptake (White & Cousins, 2013). Other mechanisms of contaminant removal facilitated
by the vegetation are phytovolatilization, phytodegradation, and phytostabilization (Ali et
al., 2020). Phytovolatilization is the process of plant uptake and transformation of
contaminants and its subsequent partition and diffusion into the atmosphere through the
stem and leaves (Limmer & Burken, 2016). Contaminants that can be removed via
phytovolatilization are chlorinated solvents (e.g., trichloroethylene and
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tetrachloroethane), PCBs, petroleum hydrocarbons, and some metals such as mercury,
selenium, and arsenic (Sakakibara et al., 2007; Sharma et al., 2018; Singh & Jain, 2003;
Susarla et al., 2002).
In phytodegradation (phytotransformation), plant metabolic processes break down
contaminants via production of enzymes and exudates in the tissue (Singh & Jain, 2003).
Phytodegradation can break down contaminants such as munitions (e.g., nitrotoluene,
picric acid, and TNT), chlorinated solvents, methyl bromide, DDT, phosphorus-based
pesticides, PCBs, and some nitriles (Susarla et al., 2002). On the other hand,
phytostabilization involves plant uptake of the contaminant and subsequent movement
restriction (fixation) within the plant tissues (Ali et al., 2020).
Microbial communities colonize the root systems of plants established in FTWs
and facilitate the removal of contaminants. Microbial communities are biologically active
and colonize the large surface area of root systems beneath the scaffolds (Masters, 2015).
This allows for processes such as nitrification, denitrification, assimilation into microbial
organisms, microbial degradation, and particulate matter entrapment (Shahid et al., 2020;
Tanner et al., 2002; W. H. Wang et al., 2020). Additionally, the plant roots excrete
extracellular enzymes that aid in the biochemical degradation of contaminants
(Pradhanang et al., 2019).
Other contaminant removal mechanisms that also occur in FTWs are filtration,
settling, oxygenation, adsorption, and absorption (Shahid et al., 2018). Settling and
filtration are facilitated by the low turbulence between the roots and bottom of the water
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body by root interception. Furthermore, chemical processes that can also occur in FTW
include precipitation, complexation, and metal sulfides formation (Shahid et al., 2018).
Factors that affect FTWs Performance
Contaminant removal by floating treatment wetlands depends on many factors;
these factors must be considered when developing treatment plans with FTWs. Factors
that affect the performance of FTWs include flow pattern (batch, semi-batch, and
continuous), hydraulic retention time (HRT), water surface coverage (%), water depth,
aeration or mixing, harvest (yes/no), season and temperature, buoyancy, and plant species
(Colares et al., 2020; Pavlineri et al., 2017; Shahid et al., 2018).
The type of flow is one of the primary factors that influence the performance of
FTWs (Colares et al., 2020). In the batch process, the water enters the system and is only
removed at the end of the treatment cycle. In the semi-batch system, new inputs of water
are added periodically. In the continuous system, the water to be treated flows without
interruption during the entire process. Hydraulic retention time (HRT) is the average
length of time the water takes to flow through the mesocosm or pond (Reif et al., 2013).
As HRT affects the amount of time microorganisms and plants are in contact with
contaminants, it directly relates to the treatment efficiency of FTWs.
The surface area of the water body covered by a FTW reduces the light that enters
the water column. Limited light penetration into the water column will result in only the
edges of the FTW supporting a few photosynthetic bacteria (i.e., purple bacteria,
Chlorobiaceae or green sulfur bacteria, Chloroflexus or green non-sulfur bacteria, or
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Heliobacteria), while most of the microbial community colonizing the FTW scaffold and
plant roots will be comprised of non-photosynthetic organisms (Headley & Tanner, 2008;
Unden and Kim, 2020). Furthermore, physicochemical parameters such as pH and DO
are affected by vegetation coverage percent (Pavlineri et al., 2017). Research indicates
that higher water surface coverage also reduces DO and pH of the water body (Pavlineri
et al., 2017; Wang & Sample, 2014). Little or no vegetation coverage results in more
solar radiance penetration within the water column, thus stimulating photosynthesis and
removal of CO2 from the water, resulting in higher pH and releasing more oxygen into
the water column (Wang & Sample, 2014). Recommendations for coverage ratio of FTW
are 5% coverage for ponds with lower loading rates and up to 10% coverage for ponds
with higher loading rates of water (Wanielista et al., 2012; White, 2013).
Water depth is also important. The water needs to be deep enough to prevent the
roots from growing into the sediment and anchoring the FTW at a specific water depth,
while also providing enough root contact within the water column to filter the water
(Pavlineri et al., 2017). Headley and Tanner (2008) recommend a minimum water depth
of 0.8 to 1.0 m for FTW. This recommendation agrees with White (2013), who suggests a
minimum water depth of 1.0 m to avoid the plants from rooting in the sediments.
Buoyancy assures the stability of the FTW on the water surface (Shahid et al.,
2018). Buoyancy can be achieved by using a floating structure with or without a medium
to support the plants (Headley & Tanner, 2008). Materials used for the FTW scaffolds
include PVC pipes, high-density polyethylene, foam mats, recycled polyethylene
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terephthalate (PET), and bamboo (Pavlineri et al., 2017). The FTW scaffolds typically
consist of a buoyant floating material that confines a soil or substrate where the
vegetation grows, an artificial floating mat for plants to grow directly in the water, or a
rigid structural framework to support the plants (Benvenuti et al., 2018; Garcia Chance &
White, 2018; Tharp et al., 2019). Depending on the harvest approach, FTW scaffolds can
be differentiated as intensive for those generally not designed to be harvested and
extensive for those intended to be harvested (Strosnider et al., 2017; White, 2021).
Aeration is a water quality management tool that improves contaminant removal
by increasing oxygen availability and developing aerobic zones throughout the water
column that stimulate microorganisms in the biofilm and biological processes like
nitrification (Shahid et al., 2018). Redox fluctuations in the water column, due to oxygen
availability, affect biogeochemical processes (e.g., exchange of dissolved C and N
between water column and sediment by regulating organic matter (OM) degradation and
adsorption-desorption of different compounds to sediment). Redox fluctuations change
the mobility and availability of the elements, nutrients, and contaminants within the water
column (Corzo et al., 2018). Plant harvest is a critical component of FTW maintenance,
especially when nutrient remediation is the goal, as harvest can enhance nutrient removal
(Vymazal, 2007).
Season and temperature influence FTW performance because they affect plant
growth rates, the microbial community, and the biogeochemical processes that enhance
contaminant removal (Shahid et al., 2018). Higher air temperatures increase water
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temperature and decrease the DO the water column can hold; these abiotic changes
increase vegetation growth rates and microbial processes (e.g., denitrification) (Bi et al.,
2019; Hu et al., 2010). Research has shown that higher temperatures increase nutrient
removal because bacteria that are involved in biological processes like nitrification and
denitrification are sensitive to temperature fluctuations and increase metabolism at higher
temperatures (Hu et al., 2010; Shahid et al., 2018). Seasonality is also recognized as an
important factor. Studies demonstrate that microbial development and plant growth are
further enhanced during spring resulting in more contaminant degradation, while reduced
microbial activity and plant growth observed in fall and winter lead to reduced removal
performance (Picard et al., 2005; Shahid et al., 2018). Additional seasonal factors that
affect FTW performance include high intensity rainfall that decreases HRT (due to the
higher flow rate running through the system) and dry periods that increase HRT (Bi et al.,
2019). Dry periods can potentially result in increased salinity due to evaporation, higher
water temperature, and increased pH (Bi et al., 2019).
Selection of plant species
Vegetation plays an essential role in FTWs since it helps regulate water flow rate
and turbulence, enhances sedimentation, traps and filters particles, and creates habitat for
the biological communities (Stewart et al., 2008; Vymazal, 2011). Plant selection is
determined by the contaminant of concern, estimated contaminant removal capacity, and
maintenance of local ecosystem integrity (Pavlineri et al., 2017). Characteristics of
interest in plant species used in FTWs are density of root system, availability (local or
regional), and ability to adapt to the water chemistry and climatic conditions (Shahid et
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al., 2018). Additionally, salt tolerance mechanisms are factors to evaluate in plant species
prior to use in FTWs established in brackish waters.
High salinity levels impact plant metabolism through ion toxicity, osmotic stress,
and oxidative stress (Liang et al., 2018). Plants under stress may have smaller leaves and
experience stomatal closure, decreased photosynthesis, and loss of turgor pressure due to
water loss from osmotic imbalance (James et al., 2011; Rahnama et al., 2010). However,
some plant species tolerate salinity stress (Zhang & Shi, 2013). When discussing salt
tolerance mechanisms, it is necessary to differentiate between plants that grow under low
saline environments, called glycophytes, and plants that grow under high salinity levels,
called halophytes (Ferreira et al., 2020; Flowers & Colmer, 2008). Glycophytes comprise
about 98-99% of known plant species (Acosta-Motos et al., 2020).
Water is considered to have high salinity for production crops (predominantly
glycophytes) with an EC above 1.5 dS/m (~ 1.0 ppt TDS), slight salinity with an EC of
0.75-1.5 dS/m (0.5-1.0 ppt TDS), and low salinity with an EC < 0.75 dS/m (<0.5 ppt
TDS) (Lenntech, 2021). Most glycophytes are highly sensitive to salt; however, some
glycophytes exhibit some salt tolerance (Acosta-Motos et al., 2020). Halophytes are
defined as plant species that can survive and reproduce in environments with salt
concentrations equal or higher than 200 mM NaCl (12 ppt) (Flowers & Colmer, 2008).
Mechanisms of salt tolerance
The main salt tolerance mechanisms in glycophytic plants are osmotic balance
regulation, avoidance through ion-selective absorption and transport, Na+ exclusion from
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the xylem, Na+ extrusion or efflux from the root, Na+ storage into vacuoles (intracellular
compartmentalization), and reactive oxygen species (ROS) detoxification (Liang et al.,
2018; Zhang & Shi, 2013). The most common salt tolerance mechanisms for halophytic
plants are salt uptake regulation, compartmentalization, secretion of salts through salt
glands, synthesis of organic compatible solutes for osmotic regulation, and alterations in
membrane composition (Flowers & Colmer, 2008; Meng et al., 2018).
Osmotic balance regulation in plants exposed to high salinity levels helps them
maintain turgor pressure, allowing the plant's metabolic activity to normalize and
subsequent plant growth (Sharp et al., 1990). Osmotic balance regulation is achieved by
producing and accumulating substances like proline, soluble sugars, and free amino acids
that aid in osmotic balance in the cells (Javid et al., 2011; Liang et al., 2018). Avoidance
of ion-selective absorption and transport refers to the controlled uptake and translocation
of Na into tissues (e.g., leaves) when exposed to high salinity environments (Zhang and
Shi, 2013). Cation/H+ antiporters are responsible for regulating Na+ and K+ homeostasis
in plants (OlÍas et al., 2009). Sodium exclusion from the xylem allows for recirculation of
Na+ in the phloem; thus, reducing Na+ accumulation in the shoot (OlÍas et al., 2009). The
Na/H antiporter is also responsible for Na extrusion from the roots to maintain a high
K+/Na+ ratio in the cytosol in saline environments (Bartels & Nelson, 1994). Na efflux
can only occur in specific cells, such as the root epidermal cells, and involves a high
amount of energy because the mass flow of solutes is greater towards the root rather than
away from it (Xiong & Zhu, 2002; Yeo, 1998).
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Vacuoles also allow for intracellular compartmentalization and sequestration of
Na, reducing the Na concentration in the cytosol and normalizing metabolic processes
(Zhang & Shi, 2013). Oxygen is necessary for plant metabolism, mitochondrial
respiration, and oxidative phosphorylation to produce energy, which is also activated into
ROS during metabolism (Liang et al., 2018). Reactive oxygen species are free radicals
that in high concentrations can cause detrimental effects on/within cells. Plants maintain
an efficient balance of ROS using antioxidant components. To better tolerate high salinity
plants can also detoxify ROS with antioxidant enzymes that remove superoxidase ions
(Liang et al., 2018). However, under salinity stress, the rate of ROS production often
exceeds the scavenging potential of the plant antioxidant system, leading to oxidative
stress in plant cells (Ahanger et al., 2017). In addition to antioxidant enzymes, some
halophytes can also actively excrete salt through specialized structures (salt glands) to
reach ion homeostasis (Meng et al., 2018). Membrane alterations in halophytes allow
them to resist environmental stress, such as high salinity, and include changes in the fatty
acid saturation of membrane lipids to increase the membrane permeability (Meng et al.,
2018). Research indicates that increased levels of unsaturated fatty acids in the membrane
improve tolerance to salt stress by protecting photosystem I and II (Sui et al., 2010).
Plant species suitable for brackish waters
Plant selection for FTW installations in brackish waters must consider the plant’s
ability to survive in fluctuating salinity levels, phytoremediation characteristics, and
adaptability to brackish ecosystems in the region. Hempel et al. (2008) studied the role of
plants in estuary salt marshes and their role in phytoremediation metals, and found that
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Spartina alterniflora can remove some metals from sediments such as Hg, Cr, and Pd.
Several other studies evaluated other salt-tolerant species (Paspalum vaginatum, Spartina
patens, Sporobolus virginicus, and Juncus roemerianus) capacity to remediate soils or
sediments contaminated with metals (Bianchi et al., 2011; Eid & Eisa, 2010) and
petroleum hydrocarbons (Lin & Mendelssohn, 2009). Other researchers used salt-tolerant
species to remediate nutrients from seawater aquaculture effluent (Boxman et al., 2017;
Watanabe & Farnell, 2018). Their results suggest that Sesuvium portulacastrum, Batis
maritima, and Salicornia virginica are suitable plant species to remove nutrients from
brackish water (Boxman et al., 2017) and seawater (Watanabe & Farnell, 2018).
Plants used in CWs or FTWs to treat water with high salinity levels include
glycophytic and halophytic species (Table 1.2). Salt meadow cordgrass (Spartina patens)
and smooth cordgrass (Spartina alterniflora) are halophytic species native to salt marshes
in the east and Gulf coast of North America (Hong et al., 2015). Spartina patens and S.
alterniflora remove nutrients, residual oils, and some metals (Eid & Eisa, 2010; Lin &
Mendelssohn, 2009; Lopardo et al., 2019; Weis & Weis, 2004). Other species that grow
on salt marshes in the United States are saltgrass (Distichlis spicata) and needlerush
(Juncus roemerianus) (Craft et al., 2008). Distichlis spicata is a perennial grass that is
commonly found in coastal and inland saline ecosystems from North America to South
America and has been reported effective in the removal of nutrients from aquaculture
effluent (Lymbery et al., 2013; Palacio-Rodríguez et al., 2017). Juncus roemerianus is
commonly used in constructed wetlands for its phytoremediation potential in the removal
of PAHs and nutrients from wastewater (Joesting et al., 2016; Syranidou et al., 2017).

17

Current research on FTWs in high salinity
Few studied have focused on the application of FTWs in brackish waters for the
removal of contaminants, specifically nutrients (Lopardo et al., 2019; Lyu et al., 2020a;
Sanicola et al., 2019). Lopardo et al. (2019) focused on using FTWs to remove nitrogen
and phosphorus from marine aquaculture effluent with a salinity range of 5-17 ppt. Other
authors evaluated the use of FTWs in prepared saline water with a range of 3-30 ppt (Lyu
et al., 2020a; Sanicola et al., 2019). No studies, to our knowledge, have studied the
application of FTW in brackish water ecosystems.
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Table 1.2. Plant species used in different types of constructed wetlands (CW) and floating treatment wetlands (FTW) to
remove contaminants from saline waters.
Plant species
Kandelia obovate,
Bruguiera gymnorhiza,
Canna indica
Spartina patens

Technology Type of
water
FTW
Saline water

Salinity

CW

5-17 ppt

Marine
aquaculture
effluent

15 ppt

Contaminant
evaluated
Nutrients (TN1,
TP)

Removal
efficiency
TN: 81-90%
TP: 82-90%

References

Nutrients (TN,
TP)

TN: 87-91%
TP: 74-81%

(Lopardo et al., 2019)

FTW

(Lyu et al., 2020a)

Distichlis spicata

CW

Saline
aquaculture
effluent

3 ppt, 15 ppt Nutrients (TN,
NH3, NO2/NO3,
TP and OP)

Spartina anglica

CW

Saline water

Typha domingensis

CW

Sarcocornia quinqueflora

FTW

Industrial
effluent
Saline water

3 ppt, 13 ppt Nutrients (TN,
TP)
2-8 ppt
n.a.

TN: 0%
TP: 17-40%
TN: 58-88%
(Lymbery et al., 2013)
NH3: 58-97%
NO2/NO3: 88-98%
TP: 85-95%
OP:85-99%
TN: 11%
(De Lange & Paulissen,
TP: 35%
2016)
(Hadad et al., 2018)

3-30 ppt

n.d.

1

Nutrients (TN,
TP)

(Sanicola et al., 2019)

TN = total nitrogen; TP = total phosphorus; NH3 = ammonia; NO2 = nitrite; NO3 = nitrate; OP = organic phosphorus
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Goals and objectives:
Thus, the goal of this research is to evaluate the applicability of FTWs for
contaminant removal in brackish water ecosystems. This will be accomplished through
the following objectives:
1. Evaluating the salinity tolerance of four plant species established in FTWs at
different salinity levels.
2. Quantifying the nutrient removal efficiency of two plant species in FTWs
established in brackish water.
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CHAPTER 2: PLANT SELECTIONS FOR FLOATING
TREATMENT WETLANDS IN BRACKISH WATERS
Abstract
Brackish water bodies in coastal regions provide critical ecosystem services that
support both human and environmental health. Increasingly, anthropogenic activities
(e.g., agriculture, urban settlements, and industry) impact water quality in brackish
ecosystems. Development activities change land use, often resulting in increased velocity
and volume of stormwater runoff paired with the increased presence of nutrient, metal,
plastic, and organic-based contaminants that negatively affect water quality. Mitigation of
contaminants in brackish waters is critical. Floating treatment wetlands (FTWs) are a
remediation technology used to improve water quality in freshwater systems and could be
an alternative technology able to remove contaminants from brackish water. However,
utility of FTW applications in systems with fluctuating salinity, such as brackish waters,
requires further investigation. We determined which plant species survived deployment
in FTWs placed in brackish water ecosystems with fluctuating salinity. This study
evaluated the performance and survival of four plant species (Distichlis spicata, Juncus
roemerianus, Spartina alterniflora, and Spartina patens) grown under three different
salinity levels (0.5, 5.0, and 18 ppt). D. spicata and J. roemerianus had low biomass
production across all salinities, and J. roemerianus did not survive at the 18 ppt salinity.
S. alterniflora and S. patens had the highest biomass production and nutrient uptake
across all salinities. Symptoms of salinity stress in S. patens included leaf browning and
chlorosis at higher salinities, while S. alterniflora grew similarly, regardless of salinity. S.
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alterniflora performed best of the plants evaluated for FTW application in brackish
environments. Further research should be conducted with these plant species under
different salinity and nutrient loading conditions to better characterize their potential for
removing nutrient contaminants from brackish stormwater.
Introduction
Nutrient pollution in coastal ecosystems is a global issue. Pollution of coastal
waters has increased in the past decades due to anthropogenic activities and represents a
threat to the ecological and economic sustainability of coastal and marine environments.
Coastal ecosystems provide ecological services of great importance: shoreline buffering,
storage and cycling of nutrients, conservation of biodiversity, and maintenance of water
quality (Burke et al., 2001). Amongst coastal ecosystems, brackish water ecosystems
(i.e., wetlands, salt marshes, estuaries, mangroves, and coastal lagoons) are most affected
by anthropogenic activities (Torres-Alvarado et al., 2019). Brackish water ecosystems
represent the interface between terrestrial and marine environments and are influenced by
the combination of seawater and freshwater and a series of biological and ecological
features fundamental to the sustainability of all coastal ecosystems (Torres-Alvarado et
al., 2019). Sources of contaminants that affect coastal ecosystems can be human
settlements, agricultural and industrial activities, infrastructure development and
construction, urban areas, and tourism. Major contaminants contributing to aquatic
pollution include persistent organic chemicals, nutrients, oils, heavy metals, pathogens,
sediment, litter, and debris (Williams, 1996) . The pollution of aquatic ecosystems is
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interconnected with land-based activities and therefore requires joint efforts of
environmental management.
Efforts to improve water resource management include implementation of
contaminant prevention and remediation strategies. Worldwide, research is being
conducted oriented towards remediation technologies to improve water quality in aquatic
ecosystems. Floating treatment wetlands (FTWs) are a remediation technology that both
offer a solution to remove contaminants (e.g., nutrients, metals, pathogens, and oil) from
water and are economically feasible to install (Colares et al., 2020). Floating treatment
wetlands consists of emergent vegetation that grows hydroponically on structures
(hereafter – FTW scaffolds) floating on the waters’ surface (Headley & Tanner, 2008).
This vegetation-based technology efficiently remediates contaminants present in
wastewater from different industries, stormwater runoff, and other types of sewage
(Colares et al., 2020). Little research has been conducted on their applicability in brackish
coastal ecosystems (Lyu et al., 2020b; Sanicola et al., 2019).
Brackish waters contain salinity levels from 0.5 to 30 parts per thousand (ppt) that
could result in toxicity to many plant species. High salinity levels impact plant
metabolism and cause salinity stress. Salinity stressed plants often have smaller leaves,
experience stomatal closure, decreased photosynthesis, loss of turgor pressure due to
water loss from osmotic imbalance, and even necrosis (James et al., 2011; Rahnama et
al., 2010). However, some plant species tolerate salinity stress (Zhang & Shi, 2013).
Halophytes are defined as plant species that can survive and reproduce in environments
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with salt concentrations equal or higher than 200 mM NaCl (12 ppt) (Flowers & Colmer,
2008).
Characteristics of interest that should be considered for the selection of plant
species used in FTWs are density of root system, availability (local or regional), ability to
absorb nutrients, and adaptability to site-specific water chemistry and climatic conditions
(Shahid et al., 2018). Additionally, for applicability of FTW in brackish waters, plant
species used must present salt tolerance mechanisms that allow them to develop without
being negatively affected by fluctuating salinity levels. Few studied have focused on the
application of FTWs in brackish waters for the removal of contaminants, specifically
nutrients. No studies, to our knowledge, have studied the application of FTWs in brackish
stormwater ponds. Therefore, the goal of this study is to determine the plant species
suitable for use in FTWs deployed in brackish water ecosystems with fluctuating salinity.
Ha: Salinity influences biomass accumulation and plant health in plants
established in FTWs.
Ha: Plants in FTWs will absorb nutrients in all salinities, but the degree of
absorption will vary by plant species.
Materials and methods
Experimental design.
The experiments were designed as a 3x4 factorial with salinity (0.5, 5.0, and 18
ppt) and plant (Distichlis spicata, Juncus roemerianus, Spartina alterniflora, and
Spartina patens) as main treatments. There were ten replicates per treatment.
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Experimental floating treatment wetland design.
The experiment was conducted during the summer (June – July) of 2021 at the
Baruch Marine Field Laboratory in Georgetown, SC. The salinity tolerance of four salt
marsh plant species was evaluated over seven weeks. Experimental units consisted of 12
tanks (0.97 m in width, 0.40 m in height) with a total volumetric capacity of 296 L per
tank. Each tank was filled with 185 L of saltwater diluted to the target concentration
using well-water (0.5 ppt). The 0.5 ppt treatment involved only addition of the well water
to the tanks.
Plants were collected locally to ensure the genotype would be the most adapted to
site-specific conditions. Plant collection was permitted by the Belle W. Baruch
Foundation as the site contains 16,000 acres of upland and wetland habitat set aside for
research and education. Plant harvest was conducted with minimal disturbance to the
ecosystem and other ongoing, on-site research projects.
On June 8, 2021, Distichlis spicata (L.) Greene (saltgrass), Juncus roemerianus
Scheele (needlegrass rush), Spartina alterniflora Loisel. (smooth cordgrass), and
Spartina patens (Aiton) Muhl. (saltmeadow cordgrass) were collected from the saltmarsh
at North Inlet–Winyah Bay Estuary, Georgetown, SC. Plants selected for harvest were
similar in size. Each plant replicate was separated from the harvested plant mass based on
morphological characteristics: 3 × 3 cm clump for S. patens, 8-shoot clumps for D.
spicata and J. roemerianus, and individual shoots for S. alterniflora (Figure 2.1).
Sediment was gently washed off the roots. Shoot height (cm), root length (cm), and fresh
weight (g) of each plant replicate were recorded. Plants were placed in aerator cups and
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inserted into floating mats (Beemats, New Smyrna Beach, FL) that were 1 cm thick and
65 × 55 cm in area. Experimental FTWs were installed on batch water system tanks filled
brackish water on June 8, 2021 (Day 1). Plastic rings were placed and adjusted daily on
the aerator cups to help support plants for the initial two weeks of the experiment (Figure
2.2). At the beginning of week 3, the plastic rings were removed, and coconut coir fibers
were inserted around the plants in the aerator cups to provide additional support.

Figure 2.1. Plant clumps according to plant growth variability of Distichlis spicata,
Juncus roemerianus, Spartina alterniflora, and Spartina patens (left to right).
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Figure 2.2. Plastic rings placed on aerator cups to provide support for the plants on the
first two weeks of the experiment.
Brackish water dilutions.
Brackish waters for the trials were prepared by diluting saltwater to target salinity
concentrations of 0.5, 5.0, and 18 ppt using non-chlorinated, fresh well water. Table 2.1
presents average physicochemical characteristics of fresh and brackish waters used for
the experiments. Dilutions were prepared in two mixing tanks (2.5 m wide, 0.9 m high,
with a volume of 4,418 L) by mixing seawater pumped directly from the salt marsh and
freshwater (Figure 2.3).
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Table 2.1. pH, electrical conductivity (EC), salinity, dissolved oxygen (DO), total
nitrogen (TN), and phosphate-phosphorus (PO4-P) of freshwater and seawater used for
preparation of brackish water treatments used in the study.
Freshwater
pH
8.60 (0.00)z
EC (mS/cm)
0.95 (0.03)
Salinity (ppt)
0.50 (0.00)
2.18 (0.08)
DO (mgL-1)
-1
TN (mgL )
-1
PO4-P (mgL )
z
Mean values (standard error) of the mean.

Seawater
7.37 (0.08)
48.7 (1.27)
31.8 (0.91)
2.88 (0.32)
0.089 (0.00)
0.017 (0.00)

Figure 2.3. Experimental set up of floating treatment wetlands and the mixing tanks for
dilution of brackish water to attain the three salinity levels (of 0.5, 5.0, and 18 ppt) for the
study.
One day before experiment initiation, the three salinities were prepared in the
tanks using a total volume of 1,136 L per dilution and distributed to the experimental
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tanks using a submersible pump (91570 1/2 HP; Superior Pump, Minneapolis, MN)
connected to a hose and pipe distribution system. Brackish water in the experimental
tanks was prepared and changed weekly. Nutrient analyses data of the seawater was
provided by the North Inlet – Winyah Bay National Estuarine Research Reserve. The
fresh well water samples were collected at weeks 3, 5, and 7 (n=3) and analyzed for pH,
electrical conductivity, and nutrient elements using ICP analysis.
Data collection and analyses.
For each tank (n=12), water pH, DO (mgL-1), specific conductivity (µS/cm),
salinity (ppt), and water temperature (°C) were measured weekly using a regularly
calibrated multiparameter hand-held sonde (YSI ProDSS 626870-2; YSI Inc., Yellow
Springs, OH). Plant height, survival (yes/no), colorimetric rating (1 to 5), and visual
health rating (1 to 5) were recorded every seven days. Colorimetric rating was performed
by developing a scale based on the intensity of green and presence of chlorosis (Figure
2.4).
1

2

3

4

5

Figure 2.4. Colorimetric rating scale of 1 to 5 using Juncus roemerianus with 1 being
necrotic, 2 mainly necrotic with some yellowing, 3 mostly chlorotic, 4 being green with
some chlorosis and, and 5 being green plant tissue coloration.
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Visual health rating accounted for stress symptoms such as leaf browning, leaf wilting,
leaf tip burning, and leaf rolling (Figure 2.5). For visual health scale, plants with no stress
symptoms were classified with a rating of 5, plants presenting one symptom were a 4,
plants with two or three symptoms were a rating of 3, plants with four to five signs were
considered a 2, and plants with more than five symptoms were considered a 1. The
number of new shoots was recorded weekly, starting at week 3 of the experiment. At
week 0, five similarly sized plants per species (n=5) were sacrificed to determine initial
fresh and dry mass and nutrient content. The plant roots and shoots were separated, dried
at 60 °C for five days, and dry weight recorded.

Figure 2.5. Stress symptoms considered for visual health rating. From left to right, leaf
browning with example in Spartina patens, leaf wilting example in Distichlis spicata,
leaf tip burning example on Spartina alterniflora, and leaf rolling example on Spartina
alterniflora.
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Plant tissue samples.
All plant shoots (above-mat biomass) and roots (below-mat biomass) (n=10, per
treatment) were harvested on July 27, 2021. After harvest, root length was recorded, and
the fresh weights (g) of roots and shoots were recorded. The shoots and roots were dried
at 60 °C for more than two days and the dry weight recorded. Net plant biomass was
calculated by subtracting the initial weight from the biomass weight at harvest. Five
plants per treatment (n=5) were used for the determination of tissue nutrient content. The
roots and shoots were ground using a Wiley® mini-mill (Thomas Scientific, Swedesboro,
NJ) with a 0.6 mm mesh size. Plant tissues were digested by microwave assisted nitric
acid digestion prior to ICP-OES (iCAP 6500, Thermo Scientific, Waltham, MA) analysis
at the Clemson University Agricultural Services Laboratory. Following digestion
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), copper (Cu),
manganese (Mn), iron (Fe), sulfur (S), and sodium (Na) concentrations in plant tissues
were determined by ICP-OES analysis with calibration standards confirmed in the middle
and end of each analytical run to produce repeated and reliable analysis of samples.
Data analysis.
The overall effects of the treatments were assessed using Analysis of Variance
(ANOVA) testing. When treatment effects were significant (p-values <0.05), post-hoc
means comparisons were conducted using Fisher's Protected Least Significant Difference
Test (or Student’s t-test). Normality assumptions were evaluated using residuals, if data
were not-normal and non-transformable, the Kruskal-Wallis test (non-parametric
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alternative to the One Way ANOVA) were used to determine treatment differences.
Residuals followed the assumptions, and non-parametric results were very similar to
results from the normal analyses. All statistical analyses were conducted using JMP Pro
16 (SAS Institute Inc., Cary, NC). All data are reported as mean ± standard error unless
otherwise noted.
Results and discussion
Water quality parameters.
Physicochemical parameters of water in the experimental tanks were similar
throughout the duration of the experiment across plant species (Figure 2.6). Water pH
differed across salinity treatments (p < 0.0001) and averaged 8.7 ± 0.02 in the 0.5 ppt
salinity, 8.2 ± 0.02 in the 5 ppt salinity, and 7.9 ± 0.03 in the 18 ppt salinity. Water pH
mostly reflected the water source used, freshwater used to prepare the dilutions had an
average pH of 8.6 ± 0.00, and seawater 7.4 ± 0.08 (Table 2.1). Water temperature was
similar across all salinities for D. spicata (p = 0.5752), J. roemerianus (p = 0.4247), S.
alterniflora (p = 0.4601), and S. patens (p = 0.3560). The average 0.5 ppt salinity
treatment was 27.5 ± 0.2 °C, while the 5 ppt and 18 ppt treatments averaged 27.7 ± 0.2
°C and 28.2 ± 0.2 °C, respectively.
For all plant species, DO increased with higher salinity concentration (p <
0.0001). Dissolved oxygen concentrations (mgL-1) were 5.6 ± 0.4, 7.7 ± 0.4, and 8.2 ±
0.4, for 0.5, 5.0, and 18 ppt salinity treatments, respectively. Dissolved oxygen
concentrations were lower in treatments containing S. patens than for other plant species
in all salinity treatments (p < 0.0492). A possible explanation for this is the mat coverage
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of S. patens, as this plant species had the most biomass growth, and thus, highest mat
coverage. Higher plant density and mat coverage resulted in lower DO levels, as gas
exchange most likely occurs in uncovered parts of the FTW (Garcia Chance & White,
2018). Salinity of the water in the experimental tanks was maintained consistently at the
target salinity concentrations, with negligible influence of evaporation or rainfall as water
in the tanks was replaced weekly.

Figure 2.6. pH, electrical conductivity (EC), temperature, and dissolved oxygen (DO) in
the experimental tanks throughout the duration of the experiment.

Plant performance.
D. spicata, S. alterniflora, and S. patens presented 100% survival rate at the end
of the experiment in all salinity treatments. J. roemerianus had 90% survival at 0.5 ppt
salinity, 80% at 5.0 ppt, and 0% at 18 ppt salinity. Colorimetric rating and visual health
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index in plants at the end of the experiment decreased with higher salinity (p <0.0001) for
D. spicata, J. roemerianus, and S. patens, indicating these plant species presented more
stress symptoms including leaf firing, and wilting at 18 ppt salinity compared to those
observed at the 0.5 ppt salinity. Contrarily, S. alterniflora colorimetric ratings (p
<0.0534) and visual health ratings (p< 0.3415) were similar across all salinity treatments
and fewer stress symptoms (e.g., leaf burning, and leaf wilting) were evident than for the
other plant species.
Plant growth as evidenced by production of new shoots decreased with higher
salinity concentration for D. spicata, J. roemerianus, and S. patens (p <0.0001). D.
spicata grown at 0.5 ppt salinity had 8.6 ± 1.1 new shoots, 6.0 ± 1.2 new shoots at 5.0
ppt, and 4.0 ± 0.8 new shoots at 18 ppt salinity. J. roemerianus averaged 2.6 ± 1.3 new
shoots when grown at 0.5 ppt salinity, 0.3 ± 0.2 new shoots at 5.0 ppt salinity, and growth
of no new shoot at 18 ppt salinity. S. patens had 14.8 ± 1.6, 9.0 ± 1.7, and 6.7 ± 1.5 new
shoots at salinity concentrations of 0.5, 5.0 ppt, and 18 ppt, respectively. S. alterniflora
averaged 1.7 ± 0.2, 1.5 ± 0.3, 2.1 ± 0.4 new shoots at salinity concentrations of 0.5 ppt,
5.0 ppt, and 18 ppt.
Final plant biomass production varied by plant species (p < 0.0001) and salinity
level (p < 0.0423). D. spicata and J. roemerianus lost biomass over the seven weeks of
the experiment, while S. alterniflora and S. patens gained biomass (Figure 2.7). D.
spicata lost more biomass as salinity concentration increased (p < 0.0342). Increasing
salinity concentration (0.5  5.0  18 ppt), resulted in incremental losses to biomass of
-0.8 g ± 0.5  -1.7 g ± 0.4  -2.4 g ± 0.4, respectively. These results concur with those
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observed by Aschenbach (2006) in which the growth of D. spicata was negatively
affected at salinity concentrations above 7.9 ppt. J. roemerianus had the least net change
in biomass at the 0.5 ppt salinity treatment (-3.3 g ± 1.0), and similar biomass losses in
5.0 ppt (-4.6 g ± 0.8) and 18 ppt (-4.4 g ± 0.7) salinity levels.
Biomass production across all salinities was similar for S. alterniflora, with the
highest dry weight gain at 18 ppt salinity (1.3 g ± 0.8). Vasquez et al. (2006) also
reported that S. alterniflora developed new shoots and increased biomass across salinities
ranging from 0.57 to 34 ppt. Biomass accumulation by S. patens was highest at 0.5 ppt
salinity (7.0 g ± 2.5), though biomass accumulation at 0.5 ppt did not differ from that at
5.0 (-0.64 g ± 2.8) and 18 ppt (0.92 g ± 3.0) salinities (p < 0.0539), due to high variability
within treatments. Similarly, in a study performed by Ewing et al. (1997), S. patens
biomass production did not decrease at salinities from 0 to 7.0 ppt, but biomass
decreased, and stress signs were noted at salinities of 14 ppt and higher.
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Figure 2.7. Net dry and fresh plant biomass at the end of the experiment normalized by
subtracting the initial weight from the final weight.
The low survival rate and low biomass production of J. roemerianus may have
been a result of an age-specific response of the plant material used combined with the
salinity stress, transplant shock, and lack of adequate acclimation period (Touchette et al.,
2012). In some halophytes, older plants or non-acclimated plants have more difficulty
growing under newly introduced, high salinity conditions because salt-tolerance
adaptations are most likely to occur with growing tissues (Hwang and Morris, 1994;
Hester et al., 1998; Hester et al., 2001; Munns, 2002). J. roemerianus tolerated salinities
higher than 40 ppt in saturated soils (Cavalieri and Huang, 1979; Eleuterius, 1989;
Christian et al., 1990; Brinson and Christian, 1999; Pennings et al., 2005), which
contrasts our findings in which this plant species did not survive at 18 ppt, indicating
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factors other than salinity likely influenced its survival. D. spicata also showed the
slowest adaptation after transplant, most likely because of the slow growth rate of this
plant (Aschenbach, 2006). S. alterniflora is a lower marsh plant tolerant to high salinity
levels, which could be attributed to physiological responses such as osmotic adjustment
and increased tissue rigidity (Touchette et al., 2009) . Furthermore, S. alterniflora and S.
patens accumulate proline and glycine betaine, which are organic solutes that aid in
osmotic adjustment and may have contributed to the growth of the plants across salinities
(Cavalieri & Huang, 1981; Hester et al., 2001).

Initial nutrient status of plants.
Sodium and K were present at highest initial concentrations in plant tissues of D.
spicata, J. roemerianus, S. alterniflora, and S. patens (Table 2.2). Of all plant species
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Table 2.2. Initial nutrient concentrations in plant tissues.
Distichlis spicata
Shoot
Roots
z
659 (42.3)
721 (52.2)

Juncus roemerianus
Shoot
Roots
679 (53.4)
1403 (192)

Spartina alterniflora
Shoot
Roots
1226 (51.6)
928 (43.8)

Spartina patens
Shoot
Roots
632 (41.9)
827 (43.5)

K

4761 (341)

6254 (302)

7913 (264)

7144 (486)

6353 (285)

11513 (608)

6235 (289)

4819 (294)

Ca

1382 (97.1)

944 (74.5)

1525 (180)

887 (97.9)

3952 (354)

1156 (94.2)

2388 (152)

776 (118)

Mg

1711 (61.9)

1774 (73.2)

1361 (28.1)

2235 (38.5)

5614 (189)

3864 (214)

894 (34.2)

1450 (211)

Zn

18.9 (3.40)

23.2 (1.35)

27.9 (8.78)

37.2 (4.65)

22.2 (2.47)

92.8 (9.10)

15.0 (0.94)

46.6 (3.65)

Cu

3.39 (0.31)

11.0 (1.08)

3.42 (0.31)

10.9 (0.90)

3.33 (0.12)

6.97 (0.35)

3.45 (0.14)

6.00 (0.49)

Mn

63.6 (5.98)

37.9 (2.66)

79.8 (9.73)

19.2 (3.25)

97.1 (12.3)

40.9 (3.88)

59.3 (1.79)

22.6 (2.71)

Fe

317 (35.6)

1328 (311)

188 (24.3)

729 (61.6)

493 (52.6)

2634 (362)

116 (8.28)

1198 (542)

S

2256 (59.0)

2384 (48.1)

1736 (46.0)

2485 (41.6)

4676 (189)

3429 (186)

2304 (111)

2097 (172)

Na

6332 (433)

9904 (160)

4094 (397)

14076 (676)

29216 (1521)

24827 (679)

6931 (331)

9018 (741)

Element
(mg.kg−1)
P

z

Mean values (standard error) of the mean.
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evaluated, concentrations of P, K, Ca, Mg, Zn, Mn (p <0.0012), Fe, S, and Na were
highest in S. alterniflora tissues as a whole plant (p <0.0001). Shoots of S. alterniflora
had higher concentrations of Na (54%), Ca (77%), and Mg (59%) compared to
concentrations found in the roots (p <0.0001), whereas K concentrations were higher
(64% of K) in the roots (p <0.0001). Calcium was higher in the shoots than in the roots in
all plant species (p <0.0001). Similar concentrations of P were found in the shoots and
roots of D. spicata (p <0.977); however, J. roemerianus and S. patens had higher P
concentrations allocated in the roots (p < 0.0001), and S. alterniflora allocated more P in
the shoots (p <0.0001). Magnesium distribution in plant tissues varied among plant
species, similar concentrations were found in roots and shoots of D. spicata (51%; p
<0.2289). Higher Mg concentrations were found in roots of J. roemerianus (62%; p
<0.0001) and S. patens (62%; p <0.0001), while S. alterniflora had higher Mg
concentrations in shoots (p <0.0001). For all plant species, Zn and Cu were
predominantly allocated in the roots (p < 0.0001), while Mn was higher in shoots (p <
0.0001). Nutrient concentrations in leaf tissue of S. alterniflora and S. patens were
similar to those reported by Tobias et al. (2012) in leaf tissues, with Na concentrations in
leaf tissues of S. alterniflora being higher than those found by Tobias et al. (2012) , and
lower Na concentration in S. patens leaf tissues.

Nutrient uptake by plants at harvest.
Nutrients absorbed as a whole by the plants harvested from the FTW varied by
plant species (p < 0.0001) and salinity concentration (p < 0.0001) (Table 2.3). Distichlis

48

spicata and J. roemerianus had similar total nutrient mass absorption across all salinities
(p = 0.4471 and p = 0.7753). S. alterniflora absorbed the highest total mass of nutrients
as a whole plant when grown under 18 ppt salinity compared to the 0.5 and 5.0 ppt (p =
0.0342). Spartina patens had highest total nutrient uptake at 18 ppt (p = 0.0130) and 0.5
ppt salinity treatments (p = 0.0157). Higher nutrient accumulation in plants grown in the
18 ppt treatment might be explained by the seawater being richer in nutrients than the
freshwater used for the 0.5 ppt salinity treatments.
Phosphorus uptake in plant tissues was the highest in S. patens roots at 18 ppt (6.2
mgplant-1) and 0.5 ppt (5.3 mgplant-1) salinity treatments. After S. patens, S. alterniflora
roots fixed the most P at 18 ppt salinity (0.23 mgplant-1). Across all species, more P was
fixed in plant roots than shoots. The highest mass of K was measured in S. patens roots at
0.5 ppt salinity (119 mgplant-1), 18 ppt salinity (46.6 mgplant-1), and at 5 ppt salinity
(7.9 mgplant-1). S. alterniflora absorbed K across all salinities, fixing more K in plant
shoots than in plant roots. The highest K uptake in S. alterniflora was in the 18 ppt
salinity treatment in both shoots (17.0 mgplant-1) and roots (4.0 mgplant-1). For all plant
species, more Ca was fixed in plant roots than in plant shoots. S. patens fixed the most Ca
in roots (37.7 mg plant tissue-1) at 18 ppt salinity treatment and the 0.5 salinity treatment
(17.1 mg plant tissue-1). S. alterniflora fixed similar amounts of Ca across salinities;
however. D. spicata showed more Ca uptake at the 18 ppt salinity, while J. roemerianus
had higher Ca uptake at 0.5 ppt salinity. Calcium plays an important role in plant salinity
tolerance mechanisms, by sensing and signaling to lead to salt adaptation (Seifikalhor et
al., 2019). Previous studies have reported that elevated Ca levels can protect plants from
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Na toxicity and help in homeostasis, however high Ca concentrations can be toxic if they
persist for a long time in the cytosol (Kader & Lindberg, 2010; Matsumoto et al., 2002;
Seifikalhor et al., 2019).
Magnesium uptake in S. patens was the highest at 18 ppt salinity (27.3 mgplant-1
in roots; 4.5 mgplant-1 in shoots) and 0.5 salinity (6.6 mgplant-1 in roots; 1.4 mgplant-1
in shoots), while at 5.0 ppt salinity the least Mg was fixed (3.3 mgplant tissue-1 in roots;
0.6 mgplant-1 in shoots). In S. alterniflora, the highest Mg uptake was at the 18 ppt
salinity treatment (2.2 mgplant-1 in roots; 1.7 mgplant-1 in shoots). In J. roemerianus, net
Mg absorption (final minus initial Mg mass in tissues) was observed only in the shoots at
5.0 ppt salinity (2.5 mgplant tissue-1). Sodium uptake was observed only in S. patens
roots at the 18 ppt salinity (72.1 mgplant tissue-1) and 0.5 salinity (29.6 mgplant tissue1

). Iron (Fe) was only fixed in the 18 ppt salinity treatments for plant roots of S. patens,

D. spicata, and S. alterniflora.
The influence of salinity on nutrient uptake varied by plant and element; however,
S. patens had higher total nutrient mass uptake at 18 ppt and 0.5 ppt salinity. S.
alterniflora had similar nutrient uptake across different salinities for Zn, Cu, and Na,
however a higher uptake of P, K, Ca, Mg, Mn, Fe, and S occurred at 18 ppt salinity. In a
study comparing elemental concentrations in leaf tissue in S. alterniflora and S. patens,
they found that Ca, Mg, Mn, N, P, K, and Zn concentrations were higher in S.
alterniflora, while Al, B, Cu, Fe, S, and Na were similar (Tobias et al., 2012).
Additionally, this study found that Na in leaf tissue of S. alterniflora peaks at around 1520 ppt salinity, and that S. alterniflora has more ion selectivity than S. patens, as S.
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alterniflora uptakes more K than S. patens when grown under same conditions (Hester et
al., 2001; Tobias et al., 2014).
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Table 2.3. Final plant nutrient concentrations in shoot tissues, root tissues, and whole plant expressed in mgkg−1.
Distichlis spicata
0.5 ppt
Shoot
Roots
Whole plant
5.0 ppt
Shoot
Roots
Whole plant
18 ppt
Shoot
Roots
Whole plant
Juncus roemerianus
0.5 ppt
Shoot
Roots
Whole plant
5.0 ppt
Shoot
Roots
Whole plant
18 ppt
Shoot
Roots
Whole plant
Spartina alterniflora
0.5 ppt
Shoot
Roots
Whole plant
5.0 ppt
Shoot
Roots
Whole plant
18 ppt
Shoot
Roots
Whole plant
Spartina patens
0.5 ppt
Shoot
Roots
Whole plant
5.0 ppt
Shoot
Roots
Whole plant
18 ppt
Shoot
Roots
Whole plant

P
(mgkg-1)

K
(mgkg-1)

Ca
(mgkg-1)

Mg
(mgkg-1)

Zn
(mgkg-1)

Cu
(mgkg-1)

Mn
(mgkg-1)

Fe
(mgkg-1)

S
(mgkg-1)

Na
(mgkg-1)

454 (31.8)
667 (48.9)
559 (36.5)

2627 (349)
5628 (269)
4110 (290)

1869 (35.9)
1158 (55.1)
1529 (44.0)

967 (54.0)
815 (21.2)
896 (35.1)

30.7 (2.87)
64.2 (4.96)
46.8 (2.82)

4.42 (0.52)
14.1 (0.66)
9.18 (0.86)

38.9 (3.05)
29.5 (1.12)
35.0 (1.74)

172 (10.7)
621 (163)
402 (81.5)

961 (49.6)
1332 (82.4)
1133 (47.8)

2571 (179)
3040 (109)
2803 (117)

411 (21.3)
666 (26.5)
531 (20.0)

2361 (188)
6185 (311)
4172 (115)

3250 (307)
2450 (217)
2860 (211)

2539 (182)
1798 (63.7)
2172 (59.2)

22.1 (1.53)
49.3 (3.35)
35.0 (1.94)

4.68 (0.58)
9.62 (0.35)
7.13 (0.25)

43.6 (6.35)
68.6 (4.60)
56.5 (3.75)

193 (7.36)
1058 (233)
619 (123)

1417 (35.7)
1670 (46.1)
1541 (27.1)

3538 (415)
4407 (212)
3977 (292)

507 (21.0)
877 (19.1)
704 (24.7)

1690 (103)
7059 (357)
4573 (264)

3060 (297)
4706 (916)
3968 (478)

2359 (91.7)
2760 (192)
2569 (110)

29.1 (2.93)
60.8 (4.28)
45.8 (2.61)

4.83 (0.66)
11.4 (0.48)
8.32 (0.44)

62.2 (16.4)
264 (38.7)
169 (21.2)

794 (240)
3539 (508)
2251 (258)

1808 (64.1)
2910 (188)
2409 (115)

4728 (302)
7544 (154)
6224 (238)

562 (38.9)
1161 (205)
807 (75.1)

5444 (388)
5705 (565)
5562 (426)

1560 (82.2)
1882 (66.1)
1715 (42.0)

1306 (48.6)
1859 (133)
1561 (103)

26.0 (3.32)
52.1 (4.50)
37.4 (3.35)

3.02 (0.12)
11.9 (1.55)
6.87 (0.27)

59.3 (4.11)
14.9 (3.21)
39.1 (4.35)

102 (11.5)
390 (71.5)
237 (44.9)

1472 (34.3)
1728 (117)
1576 (45.7)

3478 (218)
6149 (418)
4734 (306)

621 (41.9)
1150 (85.3)
818 (57.4)

4424 (406)
3797 (835)
4196 (458)

1709 (96.6)
1914 (141)
1778 (89.4)

2164 (70.5)
3648 (102)
2724 (78.1)

20.2 (0.93)
36.7 (1.90)
26.2 (0.62)

4.66 (0.73)
9.63 (0.82)
6.44 (0.46)

47.8 (4.46)
26.7 (4.07)
39.3 (2.96)

87.5 (12.3)
471 (109)
239 (55.0)

1667 (36.0)
2324 (104)
1934 (69.2)

5146 (387)
6188 (148)
5518 (304)

667 (22.4)
939 (112)
818 (57.8)

2857 (346)
2069 (293)
2469 (287)

1725 (98.8)
2456 (130)
2074 (54.9)

2422 (99.7)
3985 (143)
3196 (71.1)

18.2 (0.96)
37.0 (2.08)
27.2 (1.07)

3.85 (0.27)
9.29 (0.70)
6.52 (0.36)

39.2 (1.77)
71.0 (6.12)
54.7 (2.98)

124 (12.2)
1066 (108)
585 (53.7)

1898 (70.7)
2689 (86.6)
2281 (43.6)

5152 (324)
11581 (664)
8285 (408)

779 (35.0)
657 (18.1)
739 (23.8)

6671 (573)
7295 (679)
6904 (466)

2182 (251)
1423 (77.7)
1922 (136)

1943 (170)
1400 (42.1)
1757 (103)

34.3 (2.41)
114 (2.72)
60.9 (3.53)

3.90 (0.43)
9.14 (0.49)
5.63 (0.36)

45.3 (6.88)
33.3 (2.42)
41.2 (3.64)

131 (17.2)
614 (46.7)
293 (20.9)

1190 (37.7)
1017 (29.4)
1133 (30.1)

7905 (568)
7307 (105)
7705 (382)

989 (128)
727 (37.8)
851 (75.7)

6753 (720)
8303 (634)
7477 (554)

3314 (471)
2424 (651)
2759 (414)

3720 (426)
2800 (107)
3193 (188)

32.0 (2.03)
90.1 (10.1)
61.0 (5.97)

3.67 (0.90)
7.59 (0.93)
5.58 (0.88)

77.0 (16.3)
73.8 (9.76)
74.6 (12.5)

240 (88.0)
1455 (521)
837 (312)

2080 (204)
1868 (155)
1925 (82.6)

8346 (830)
8199 (698)
8227 (741)

791 (18.9)
798 (16.3)
791 (12.7)

7448 (636)
10151 (700)
8285 (472)

2986 (365)
2934 (758)
2820 (305)

4061 (352)
3870 (207)
4052 (288)

23.5 (1.77)
74.2 (4.86)
36.5 (4.30)

2.91 (0.11)
8.60 (0.78)
4.33 (0.51)

75.8 (11.6)
201 (32.6)
106 (14.3)

177 (10.5)
2622 (436)
761 (179)

2635 (269)
3385 (146)
2877 (209)

11243 (776)
12723 (290)
11656 (585)

340 (35.7)
772 (81.3)
541 (59.7)

5067 (208)
10995 (576)
7712 (397)

1909 (189)
1636 (66.5)
1809 (126)

674 (18.0)
1191 (55.1)
907 (38.7)

16.9 (2.18)
201 (11.4)
98.4 (10.4)

2.55 (0.20)
19.5 (0.76)
10.1 (1.15)

36.9 (2.74)
32.7 (0.84)
35.3 (1.54)

63.3 (3.41)
508 (198)
289 (134)

1043 (42.8)
1257 (50.8)
1146 (44.7)

3425 (212)
6467 (369)
4828 (342)

287 (16.9)
746 (16.2)
487 (28.8)

3272 (156)
6406 (641)
4573 (252)

1748 (113)
1402 (258)
1587 (169)

1381 (104)
2030 (207)
1652 (45.8)

13.9 (4.18)
69.5 (10.1)
36.9 (4.50)

2.36 (0.40)
9.20 (1.14)
5.19 (0.39)

54.3 (5.73)
62.9 (9.55)
57.0 (4.24)

106 (12.6)
1011 (125)
491 (36.5)

1311 (44.8)
1805 (163)
1544 (86.5)

2565 (144)
4836 (614)
3534 (276)

318 (23.0)
893 (12.3)
596 (29.9)

2769 (237)
5876 (558)
4324 (324)

1780 (63.2)
3074 (675)
2459 (398)

1159 (61.8)
2738 (292)
1949 (195)

9.63 (0.70)
71.8 (6.01)
40.3 (4.70)

1.88 (0.14)
10.5 (1.09)
6.20 (0.83)

39.1 (2.44)
204 (45.0)
122 (26.8)

88.0 (11.9)
3107 (591)
1595 (376)

1574 (80.2)
3677 (385)
2640 (265)

3615 (293)
9362 (1141)
6524 (824)
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Conclusions
Growth responses of saltmarsh plant species evaluated in FTWs varied when
exposed to increasing levels of salinity. D. spicata and J. roemerianus had the lowest
biomass production and nutrient uptake. Additionally, J. roemerianus plants did not
survive at 18 ppt salinity, plant death might have been a result of age-specific responses
to increased salinity or need for an extended acclimation period. The influence of salinity
on survival of younger J. roemerianus plants should be further investigated to determine
if plant maturity stage influences survival more than salinity exposure. Conversely, S.
patens and S. alterniflora grew well in the very low nutrient environments (0.089 mgL-1
TN, 0.017 mgL-1 PO4-P) in the experiments and absorbed nutrients across all salinities.
S. patens showed more stress symptoms and grew less at 5.0 and 18 ppt salinity. S.
alterniflora presented few stress symptoms and grew well across all salinity exposures.
Additional research is needed to determine if these findings hold true in eutrophic
conditions or if additional nutrients help these brackish adapted plant species overcome
salinity stress.

References
Aschenbach, T. A. (2006). Variation in growth rates under saline conditions of
Pascopyrum smithii (Western Wheatgrass) and Distichlis spicata (Inland Saltgrass)
from different source populations in Kansas and Nebraska: Implications for the
restoration of salt-affected plant commun. Restoration Ecology, 14(1), 21–27.
https://doi.org/10.1111/j.1526-100X.2006.00101.x
Brinson, M. M., & Christian, R. R. (1999). Stability of Juncus roemerianus patches in a
salt marsh. Wetlands, 19(1), 65–70. https://doi.org/10.1007/BF03161734
Burke, L., Kura, Y., Kassem, K., Revenya, C., Spalding, M., & McAllister, D. (2001).

53

Pilot analysis of global ecosystems: Coastal Ecosystems.
Cavalieri, A. J., & Huang, A. H. C. (1979). Evaluation of Proline Accumulation in the
Adaptation of Diverse Species of Marsh Halophytes To the Saline Environment.
American Journal of Botany, 66(3), 307–312. https://doi.org/10.1002/j.15372197.1979.tb06228.x
Cavalieri, A. J., & Huang, A. H. C. (1981). Accumulation of Proline and Glycinebetaine
in Spartina alterniflora Loisel. in Response to NaCl and Nitrogen in the Marsh.
Oecologia, 224–228.
Christian, R. R., Bryant, W. L., & Brinson, M. M. (1990). Juncus roemerianus production
and decomposition along gradients of salinity and hydroperiod. Marine Ecology
Progress Series, 68(1–2), 137–145. https://doi.org/10.3354/meps068137
Colares, G. S., Dell’Osbel, N., Wiesel, P. G., Oliveira, G. A., Lemos, P. H. Z., da Silva,
F. P., Lutterbeck, C. A., Kist, L. T., & Machado, Ê. L. (2020). Floating treatment
wetlands: A review and bibliometric analysis. Science of the Total Environment,
714, 136776. https://doi.org/10.1016/j.scitotenv.2020.136776
Eleuterius, L. N. (1989). Natural selection and genetic adaptation to hypersalinity in
Juncus roemerianus Scheele. Aquatic Botany, 36(1), 45–53.
https://doi.org/10.1016/0304-3770(89)90090-9
Ewing, K., Mckee, K. L., & Mendelssohn, I. A. (1997). A field comparison of indicators
of sublethal stress in the salt-marsh grass Spartina patens. Estuaries, 20(1), 48–65.
https://doi.org/10.2307/1352719
Flowers, T. J., & Colmer, T. D. (2008). Salinity tolerance in halophytes. New Phytologist,
179(4), 945–963. https://doi.org/10.1111/j.1469-8137.2008.02531.x
Garcia Chance, L. M., & White, S. A. (2018). Aeration and plant coverage influence
floating treatment wetland remediation efficacy. Ecological Engineering, 122(July),
62–68. https://doi.org/10.1016/j.ecoleng.2018.07.011
Headley, T. R., & Tanner, C. C. (2008). Floating Treatment Wetlands: an Innovative
Option for Stormwater Quality Applications. 11th International Conference on
Wetland Systems for Water Pollution Control, 1101–1106.
Hester, M. W., Mendelssohn, I. A., & McKee, K. L. (2001). Species and population
variation to salinity stress in Panicum hemitomon, Spartina patens, and Spartina
alterniflora: Morphological and physiological constraints. Environmental and
Experimental Botany, 46(3), 277–297. https://doi.org/10.1016/S00988472(01)00100-9
Kader, M. A., & Lindberg, S. (2010). Cytosolic calcium and pH signaling in plants under
salinity stress. Plant signaling & behavior, 5(3), 233–238.
https://doi.org/10.4161/psb.5.3.10740

54

Lyu, J. C., Lin, G. H., Fan, Z. Y., Lin, W. X., & Dai, Z. (2020). Suitable plant
combinations for ecological floating beds in eutrophic subtropical coastal wetlands
under different salinities: experimental evidences. International Journal of
Environmental Science and Technology, 17(11), 4505–4516.
https://doi.org/10.1007/s13762-020-02778-x
Matsumoto, T. K., Ellsmore, A. J., Cessna, S. G., Low, P. S., Pardo, J. M., Bressan, R.
A., & Hasegawa, P. M. (2002). An osmotically induced cytosolic Ca2+ transient
activates calcineurin signaling to mediate ion homeostasis and salt tolerance of
Saccharomyces cerevisiae. Journal of Biological Chemistry, 277(36), 33075–33080.
https://doi.org/10.1074/jbc.M205037200
Pennings, S. C., Grant, M. B., & Bertness, M. D. (2005). Plant zonation in low-latitude
salt marshes: Disentangling the roles of flooding, salinity and competition. Journal
of Ecology, 93(1), 159–167. https://doi.org/10.1111/j.1365-2745.2004.00959.x
Sanicola, O., Lucke, T., Stewart, M., Tondera, K., & Walker, C. (2019). Root and shoot
biomass growth of constructed floating wetlands plants in saline environments.
International Journal of Environmental Research and Public Health, 16(2), 1–11.
https://doi.org/10.3390/ijerph16020275
Seifikalhor, M., Aliniaeifard, S., Shomali, A., Azad, N., Hassani, B., Lastochkina, O., &
Li, T. (2019). Calcium signaling and salt tolerance are diversely entwined in plants.
Plant Signaling and Behavior, 14(11).
https://doi.org/10.1080/15592324.2019.1665455
Shahid, M. J., Arslan, M., Ali, S., Siddique, M., & Afzal, M. (2018). Floating Wetlands:
A Sustainable Tool for Wastewater Treatment. Clean - Soil, Air, Water, 46(10).
https://doi.org/10.1002/clen.201800120
Tobias, V. D., Williamson, M. F., & Nyman, J. A. (2014). A Comparison of the
Elemental Composition of Leaf Tissue of Spartina Patens and Spartina Alternifora
in Louisiana’s Coastal Marshes. Journal of Plant Nutrition, 37(8), 1327–1344.
https://doi.org/10.1080/01904167.2014.881871
Torres-Alvarado, M. R., Bonilla-salinas, M., Calva-benítez, L. G., & Vives, F. R. (2019).
Mexican Aquatic Environments. Mexican Aquatic Environments.
https://doi.org/10.1007/978-3-030-11126-7
Touchette, B. W., Adams, E. C., & Laimbeer, P. (2012). Age-specific responses to
elevated salinity in the coastal marsh plant black needlerush (Juncus roemerianus
Scheele) as determined through polyphasic chlorophyll a flouresence transients
(OJIP).
Touchette, B. W., Smith, G. A., Rhodes, K. L., & Poole, M. (2009). Tolerance and
avoidance: Two contrasting physiological responses to salt stress in mature marsh
halophytes Juncus roemerianus Scheele and Spartina alterniflora Loisel. Journal of
Experimental Marine Biology and Ecology, 380(1–2), 106–112.

55

https://doi.org/10.1016/j.jembe.2009.08.015
Williams, C. (1996). Combatting marine pollution from land-based activities: Australian
initiatives. Ocean and Coastal Management, 33(1–3), 87–112.
https://doi.org/10.1016/S0964-5691(96)00046-4
Zhang, J. L., & Shi, H. (2013). Physiological and molecular mechanisms of plant salt
tolerance. Photosynthesis Research, 115(1), 1–22. https://doi.org/10.1007/s11120013-9813-6

56

CHAPTER 3: NUTRIENT UPTAKE POTENTIAL IN FLOATING
TREATMENT WETLANDS UNDER DIFFERENT SALINITY AND
NUTRIENT CONCENTRATIONS.
Abstract
Floating treatment wetlands (FTWs) aid in removal of nutrients from eutrophic
freshwaters. The nutrient removal efficacy of FTWs in brackish waters has not been well
characterized, especially in coastal water bodies where salinity fluctuates with tides and
storm events. Salinity tolerance regulates plant selections for FTW applications. Thus, it
is important to investigate plant selections for high salinity applications to ensure that
plants used in FTWs are both salt tolerant and efficient at removing nutrients across
fluctuating salinities. This study evaluated the effect of salinity (0.5, 5.0, and 18 ppt) and
nutrient concentration (low: 0.40 mgL-1 N and 0.06 mgL-1 P; high: 2.50 mgL-1 N and
0.38 mgL-1 P) on nutrient removal in FTWs using Spartina alterniflora and Juncus
roemerianus in brackish waters over a period of ten weeks. Plant shoot height and
biomass production were measured, as well as nutrient concentrations in plant tissues.
Total nitrogen and total phosphate concentrations were measured in the water. Total N
removal efficiency ranged from 87 to 99% in the presence of J. roemerianus and S.
alterniflora. Phosphate removal was from 75-97% with J. roemerianus and 54-97% with
S. alterniflora. Both J. roemerianus and S. alterniflora are suitable plant species to
remove TN and TP in FTWs under different brackish salinities.
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Introduction
Increased nutrient pollution in coastal water bodies leads to impaired water
quality in coastal ecosystems. Sources of nutrient pollution include wastewater treatment
plants, urban and agricultural runoff, and industrial waste (Williams, 1996). Among
coastal water bodies, stormwater retention ponds represent a major concern due to
hydrologic connection to natural coastal water systems. Stormwater retention ponds are a
management strategy in residential and commercial areas that reduce runoff and improve
water quality before it enters natural coastal waters (Flemming et al., 2008; Serrano &
DeLorenzo, 2008). Brackish stormwater retention ponds in coastal areas generally have
with fluctuating ranges of salinity from 0.2 to >30 parts per thousand (ppt) (Lewitus et
al., 2008; Serrano & DeLorenzo, 2008). Stormwater retention ponds receive high nutrient
levels that lead to eutrophication and hypereutrophication, impairing water quality and
increasing potential for harmful algal blooms (Siegel et al., 2011). Concentrations of
nitrogen and phosphorus reported in these stormwater ponds often exceed the
concentrations allowed by EPA (i.e., 0.37 mgL-1 for total nitrogen (TN) and 0.036 mgL1

total phosphorus (TP)) for lake and reservoir waters (USEPA, 2000), and estuarine

eutrophication guidelines (i.e., 1.0 mgL-1 for TN and 0.1 mgL-1 for TP) (Bricker et al.,
1999). Nutrient concentrations in stormwater retention ponds usually range from 0.63 to
2.53 mgL-1 TN, and 0.03 to 0.37 mgL-1 TP (Sønderup et al., 2016).
Installation of floating treatment wetlands (FTWs) in brackish stormwater
retention ponds may serve to remove excess nutrients from water. FTWs consist of a
buoyant scaffold (structure) and vegetation. The scaffold holds the plant crowns above
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the surface of the water and allows the roots to extend within the water column,
facilitating removal of contaminants from water (Headley & Tanner, 2008). Most
research and applications of FTWs have focused on freshwater systems, with nitrogen
removal efficiencies ranging from 38 to 92% (Garcia Chance et al., 2020; X. Li & Guo,
2017), and phosphorus removal ranging from 23 to 95% (Di Luca et al., 2019; Garcia
Chance & White, 2018). However, high, salinity in brackish waters impacts plant
metabolism and could result in toxicity for many species typically used in FTWs (Liang
et al., 2018). Therefore, selection of plant species for use in brackish waters must include
salt tolerant plant species. Halophytic plants could be an option for use in FTWs
application in brackish waters as these plants have high salt tolerance abilities (Flowers &
Colmer, 2008).
In addition to salt tolerance, plant species suitable for use in FTWs in brackish
waters should also have high nutrient uptake capacity. There are limited data assessing
applicability of FTWs in brackish waters with different salinity ranges (Lopardo et al.,
2019; Sanicola et al., 2019; Calheiros et al., 2020; Sun et al., 2017; Karstens et al., 2021).
Therefore, quantification of plant nutrient uptake potential over a range of salinity
exposures will inform optimal plant selection for future applications of FTWs in brackish
coastal water systems. The objective of this study was to quantify the nutrient removal
dynamics of two halophytic plant species placed in FTWs exposed to three salinity
concentrations and two nutrient concentrations.
Ha: Salinity will influence plant nutrient removal capacity.
Ha: Plant nutrient uptake is different across nutrient level.
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Ha: Plant response is different across nutrient and salinity levels.

Materials and methods
Experimental design
The experiment was designed as a 3 x 2 x 2 factorial with salinity (0.5, 5.0, and
18 ppt), nutrient concentration (low and high), and plant (Spartina alterniflora and
Juncus roemerianus) as treatment factors. There were five replicates per treatment.

Floating treatment wetland setup
The experiment was conducted from September to December of 2021 at the
Water Treatment Technology Laboratory, Pendleton, SC, USA. The experimental units
consisted of 2.4 L-aquatic pots (C300S, Nursery Supplies Inc., Chambersburg, PA). Each
pot was filled with 2.3 L of a solution diluted to the target salinity and spiked to the target
nutrient concentration. Plant liners of Spartina alterniflora Loisel. (smooth cordgrass)
and Juncus roemerianus Scheele (needlegrass rush) were purchased from Charleston
Aquatic Nursery (Johns Island, SC). On 23 September 2021 (day 0), all smooth cordgrass
and needlegrass rush plugs were pruned to a uniform height of 15.0 cm, and the substrate
was gently washed off the plugs as much as possible without damaging the roots. Plants
were placed in aerator cups and inserted into floating mat rings (11 cm outer diameter
and 7.2 cm inner diameter) (Beemats, New Smyrna Beach, FL) that were 1 cm thick, and
placed in a pot (Figure 3.1). Greenhouse was temperature controlled and supplemental
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LED grow light (General Electric, Boston, MA) was used for the plants to maintain ideal
growth conditions during fall season.

Figure 3.1. Experimental floating treatment wetland set up with plants placed on aerator
cups and a floating ring (A), and experimental study set up in the greenhouse (B).
Brackish water dilutions and nutrient solutions
Brackish water for the trials was prepared by diluting seawater to target salinity
concentrations of 0.5, 5.0, and 18.0 ppt using non-chlorinated fresh well water. Seawater
used for the dilutions was collected from North Inlet Winyah Bay, Georgetown, SC,
USA, filtered, and stored in a tank. Dilutions were prepared in six 37.9 L- tubs (United
Solutions, Leominster, MA) by mixing seawater from the storage tank and freshwater
(Table 3.1). Once salinity dilutions were completed, nutrient treatments were prepared by
adding water soluble fertilizer (Jack’s Professional LX 13N-2P-13K, JR Peters, Inc.,
Allentown, PA) to each mixing tank according to the target nutrient concentration:
116.47 mg of fertilizer was added to the Low nutrient treatments to achieve
concentrations of 0.40 mg/L N and 0.06 mg/L P, and 727.96 mg of fertilizer was added to
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the High nutrient treatments to achieve 2.50 mg/L N and 0.38 mg/L P. The six water
treatments (salinity x nutrient) were prepared in the tanks using a total volume of 37.9 L
per dilution and distributed to the experimental pots. Water treatments in the
experimental pots were prepared and changed every 14 days.

Table 3.1. pH, electrical conductivity (EC), salinity, and dissolved oxygen (DO), total
nitrogen (TN), and phosphate-phosphorus (PO4-P) of freshwater and seawater used for
preparation of brackish water treatments used in the study.
Freshwater

Seawater

pH

7.55 (0.02)z

7.36 (0.06)

EC (mS/cm)

0.09 (0.01)

49.7 (0.29)

Salinity (ppt)

0.04 (0.00)
10.1 (0.05)

32.6 (0.85)
7.97 (0.23)

DO (mgL-1)
TN (mgL-1)
-1
PO4-P (mgL )
z
Mean values (standard error) of the mean.

0.089 (0.0)
0.017 (0.0)

Water sampling and analysis
For each experimental unit (n=60), water pH, DO (mgL-1), EC (µs/cm), salinity
(ppt), and temperature (°C) were recorded weekly using a regularly calibrated
multiparameter hand-held sonde (YSI ProDSS 626870-2; YSI Inc., Yellow Springs, OH).
Water depth (mm) in each pot was also recorded weekly to allow for water volume
calculations. Three water samples per treatment (n=3) were collected every 14 days and
analyzed colorimetrically for ammonium, nitrate, nitrite, and phosphate using a Lachat
Quickchem 8000 Flow Injection Analyzer with an autosampler.
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Plant sampling and analysis.
On September 23, 2021 (Day 0), five plants per species (n=5) were sacrificed to
determine initial fresh and dry mass and nutrient content. The plant roots and shoots were
separated, dried at 60 °C for five days, and dry weight recorded.
All plants were harvested December 2, 2021. Shoots (above-mat biomass) and
roots (below-mat biomass) were separated, weighed, and fresh biomass recorded; then
tissues were dried at 60 °C for five days, weighed, and dry biomass recorded. Five plants
per treatment (n=5) were used for the determination of tissue nutrient content. The roots
and shoots were ground using a cyclone sample mill (UDY Corporation, Fort Collins,
CO) with a 0.6 mm mesh size. Plant tissues were digested by microwave assisted nitric
acid digestion prior to ICP-OES (iCAP 6500, Thermo Scientific, Waltham, MA) analysis
at the Clemson University Agricultural Services Laboratory. Following digestion
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), copper (Cu),
manganese (Mn), iron (Fe), sulfur (S), and sodium (Na) concentrations in plant tissues
were determined by ICP-OES analysis with calibration standards confirmed in the middle
and end of each analytical run to ensure accuracy.

Data analysis.
Normality assumptions were checked using residuals. Residuals followed
normality assumptions; thus, effect of salinity concentration, nutrient level, and their
interaction were assessed where appropriate using Analysis of Variance (ANOVA)
testing. When treatment effects were significant (p-values <0.05), post-hoc means
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comparisons were conducted using a Student’s t-test. Statistical analyses were conducted
using JMP Pro 16 (SAS Institute Inc., Cary, NC. All data are reported as mean ± standard
error unless otherwise noted.
Total nitrogen and phosphate concentrations were determined by colormetric
analyses from water samples collected over the experiment and were reported in mgL-1.
Concentrations were converted into mass using the volume of water remaining in the pot
when each sample was collected. Nutrient removal efficiency (%) over the two-week
period was calculated using equation 1:
Removal efficiency =

𝑁𝑖 −𝑁𝑓
𝑁𝑖

[Eq. 1]

∗ 100

where Ni equals the initial nutrient load and Nf equals the nutrient load following the twoweek period. The cumulative removal efficiency was calculated using equation 2:
Cumulative removal efficiency =

𝑛
∑𝑛
𝑤=1 𝑁𝑖 − ∑𝑤=1 𝑁𝑓

∑𝑛
𝑤=1 𝑁𝑖

[Eq. 2]

∗ 100

where the sum of Ni and Nf was calculated across all 10 weeks of the experiment.
Nitrogen and phosphate load removal was plotted daily. Root: shoot ratio of plant tissues
was calculated for each treatment using equation 3:
𝑅𝑜𝑜𝑡: 𝑆ℎ𝑜𝑜𝑡 𝑅𝑎𝑡𝑖𝑜 =

𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑜𝑟 𝑟𝑜𝑜𝑡𝑠
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑜𝑟 𝑡𝑜𝑝 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡𝑠

[Eq. 3]

Results and discussion
Water quality parameters.
The electrical conductivity (p < 0.5468) and DO (p < 0.1606) of the water in the
pots were similar across plant species, while pH (p < 0.0153) and temperature (p <
0.0037) differed in S. alterniflora and J. roemerianus (Figure 3.2). In general, the pH of
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water S. alterniflora was greater in higher salinity (p < 0.0036) and higher nutrient (HN)
treatments (p < 0.0001), with an average pH of 7.31 ± 0.04 at low nutrient (LN) and 7.58
± 0.04 at HN. pH averaged 7.40 ± 0.05 in the 0.5 ppt salinity, 7.37 ± 0.04 in the 5.0 ppt
salinity, and 7.56 ± 0.04 units in the 18 ppt salinity. In J. roemerianus, pH was only
influenced by salinity level (p <0.0001), averaging 7.29 ± 0.04 (0.5 ppt salinity), 7.17 ±
0.03 (5.0 ppt salinity), and 7.64 ±0.03 (18 ppt salinity).

B

A

Figure 3.2. Water physicochemical parameters in the experimental floating treatment
wetlands over time for Spartina alterniflora (A) and Juncus roemerianus (B).

Target salinity concentrations were consistent over time, with biweekly water
changes. Evapotranspiration increased salinity concentrations in the pots by the end of
the two weeks (Figure 3.2). Average water temperature was 28.4 °C ± 0.27 in S.
alterniflora pots, and 27.4 °C ± 0.26 in Juncus roemerianus pots, with no variation across
salinity treatments (p < 0.7761 for S. alterniflora, p < 0.9789 for J. roemerianus) or
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nutrient level (p < 0.6635 for S. alterniflora, p < 0.1084 for J. roemerianus). Salinity
effect on temperature differs with results obtained in Chapter 2, where temperature
increased with higher salinity. Dissolved oxygen concentrations were 8.60 ± 0.07 mgL-1,
8.58 mgL-1 ± 0.07, and 8.05 mgL-1 ± 0.06 in the 0.5, 5.0, and 18 ppt salinity treatments.
For both plant species, DO concentrations were lower in the low nutrient (LN, 8.24 mgL1

± 0.05) than the HN (8.59 mgL-1 ± 0.04) (p < 0.0016). Increased nutrient availability in

the HN treatment increased algal blooms in the experimental pots. Algal blooms can
contribute to lower DO (Bricker et al., 2008).

Figure 3.3. Salinity fluctuation over time in the experimental floating treatment wetlands
throughout the duration of the study. Static renewal of water solutions occurred every 14
days.

Plant biomass and growth.
Nutrient level (p < 0.0479) influenced shoot height in S. alterniflora, but salinity
did not (p < 0.5049). Salinity and nutrient level interacted (p < 0.0003) to influence J.
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roemerianus shoot height (Figure 3.4). The largest S. alterniflora shoots (39.6 cm ± 3.3;
p < 0.0291) were recorded in the 5.0 ppt salinity treatment with LN, when compared to
all salinity and nutrient treatments. In S. alterniflora similar shoot heights of were
observed in the 0.5 and 18 ppt salinity across nutrient levels. In J. roemerianus, taller
shoots were measured in HN treatments in plants grown at 5.0 ppt (28.5 cm ± 1.8, p <
0.0001) and 0.5 ppt (26.3 cm ± 1.6, p < 0.0001), but nutrient level but did not influence
shoot height when J. roemerianus was grown at 18 ppt salinity (p < 0.5768).
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Figure 3.4. Final plant shoot height in cm. Levels not connected by same letter are
significantly different. Analyses were conducted separately for S. alterniflora and for J.
roemerianus.
Normalized plant biomass (final minus initial) followed a similar trend to that
observed for shoot heights (Figure 3.5). Neither salinity (p < 0.4177, p < 0.5454) nor
nutrient concentration (p < 0.8611, p < 0.4481) influenced S. alterniflora or J.
roemerianus biomass production, respectively. No trends in biomass production by
salinity or nutrient concentration were noted for either plant species.
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Figure 3.5. Normalized (final minus initial) plant dry biomass of Juncus roemerianus
and Spartina alterniflora at the end of the experiment.
In this study S. alterniflora grew similarly regardless of salinity and nutrient level.
Other studies have documented the capacity of S. alterniflora to grow well across a range
of salinity values (Brown et al., 2006; Vasquez et al., 2006). Salt-tolerance mechanisms
used by S. alterniflora include excretion of salts onto leaf surfaces, accumulation of ions
(e.g., Cl, Na, K, Mg, S, and Ca), ion selectivity, and regulation of osmotic balance with
production of organic solutes (Bradley & Morris, 1991; Hester et al., 2001). The
concentration of nutrients added did not influence biomass production by S. alterniflora;
however, in a 1-year field study evaluating nutrient addition to S. alterniflora grown in
saltmarshes with monthly applications of six levels of nitrogen (0, 46, 93, 186, 372, 744
kgha−1month−1) in 0.25 m2 plots, plant biomass increases with increased mass of N
added (Darby & Turner, 2008).
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Higher concentration nutrient additions increased shoot height in J. roemerianus
at 0.5 and 5.0 ppt salinity exposures, but no differences were found by nutrient level in
total plant biomass (p < 0.4242). Additionally, a trend to decrease biomass with higher
salinity was observed, but no significant differences were found in this study due to data
variability. Other authors (Touchette et al., 2009) reported reductions in biomass in J.
roemerianus when exposed to high salinity (30 ppt). Decreasing biomass might be a
salinity stress response to minimize water loss and allow plants to improve their plantwater relations (Koyro, 2006; Touchette et al., 2009). When exposed to high salinities, J.
roemerianus has been reported to increase proline levels, which can aid in osmotic
balance (Cavalieri & Huang, 1979).

Initial nutrient status of plants.
Initial nutrient status of S. alterniflora and J. roemerianus nursery plants are
presented in Table 3.2. Initial N (p < 0.0463), Ca (p < 0.0126), Zn (p < 0.0427), Mn (p <
0.0001), and S (p < 0.0003) concentrations were higher in S. alterniflora than in J.
roemerianus, while initial K (p < 0.1779), P (p < 0.2385), Mg (p < 0.1915), Cu (p <
0.4007), Fe (p < 0.0807), Na (p < 0.1982) concentrations were similar in both plant
species. Furthermore, in plant tissues of S. alterniflora, K (65% of K; p < 0.0142) and Na
(65% of Na; p < 0.0172) concentrations were higher in the shoots than in the roots, while
Zn (57% of Zn; p < 0.0040) and Fe (90%; p < 0.0351), concentrations were higher in the
roots. Nitrogen concentrations were higher in J. roemerianus shoots (56% of N; p <
0.0335), however, concentrations of P (59% of P; p < 0.0023), Ca (57% of Ca; p <
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0.0449), Mg (64% of Mg; p < 0.0024), Cu (76%; p < 0.0350), and Fe (79%; p < 0.0048)
were mostly allocated in roots.

Table 3.2. Initial nutrient concentrations in plant tissues of Juncus roemerianus and
Spartina alterniflora.
Juncus roemerianus

Spartina alterniflora

Shoots

Roots

Shoots

Roots

N (mgkg-1)

8607 (345)

6757 (468)

12095 (184)

8450 (947)

P (mgkg-1)

892 (46.7)

1304 (37.5)

1698 (79.7)

1024 (152)

K (mgkg-1)

13521 (1032)

13369 (337)

14345 (147)

7582 (649)

Ca (mgkg-1)

2132 (250)

2859 (34.0)

3285 (3.59)

3662 (399)

Mg (mgkg-1)

1046 (33.9)

1850 (113)

1999 (135)

1662 (233)

Zn (mgkg-1)

34.2 (3.69)

46.5 (6.39)

48.0 (0.76)

63.9 (0.30)

Cu (mgkg-1)

6.71 (0.14)

20.9 (4.54)

9.01 (0.14)

31.6 (5.17)

Mn (mgkg-1)

28.1 (1.02)

36.0 (6.03)

122 (7.28)

109 (8.55)

Fe (mgkg-1)

55.5 (3.22)

204 (26.1)

115 (5.75)

1012 (141)

S (mgkg-1)

1471 (85.3)

1544 (53.5)

3257 (4.08)

2417 (208)

Na (mgkg-1)

4047 (388)

5126 (229)

7688 (76.1)

4081 (383)

Initial nutrient concentrations in tissues of nursery plants of J. roemerianus
differed with concentrations found in plants collected from the saltmarsh (Landaverde et
al. 2022). Phosphorus (p < 0.7957), Mg (p < 0.1655), Mn (p < 0.2604), Zn (p < 0.3002),
Cu (p < 0.0648), and Na (p < 0.0647) had similar concentrations in marsh and nursery
plants, while K (p <0.0001) and Ca (p <0.0001) concentrations are higher in the nursery
plants. However, Fe (p < 0.0223) and S (p <0.0034) were present at higher concentrations
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in tissues of plants collected from the saltmarsh. Higher K concentrations in nursery
plants of J. roemerianus could have been a result of the fertilization of the liners.
Nutrient concentrations in S. alterniflora differed between nursery plants and in
plants collected from the saltmarsh (Landaverde et al., 2022). Phosphorus (p <0.0979), K
(p <0.3042), Ca (p <0.2822), Fe (p <0.1563) and Zn (p <0.9396) had similar
concentrations in both nursery and marsh plants. Copper (p <0.0040) and Mn (p <0.0278)
concentrations were higher in plants from the nursery. Magnesium (p <0.0001), S (p
<0.0139), and Na (p <0.0001) were in much greater concentrations in plants collected
from the saltmarsh than the concentrations of plant tissues from nursery. Sediment
composition in the marsh could explain higher S concentrations in plant tissues collected
from the marsh, as S is an important electron receptor, carrier, and donor in the dynamics
of sulfate reduction in anoxic marine sediments in salt marshes (Howarth, 1984).
Sediments in estuaries are anoxic and are sites of oxidative and reductive reactions
involving N, Fe, and Mn (Gingras et al., 2012).

Nutrient uptake by plants at harvest.
Total nutrient final concentrations of tissues in plants harvested from the FTWs in
Spartina alterniflora (Table 3.4) and Juncus roemerianus (Table 3.5) were influenced by
salinity, nutrient level, and their interaction (Table 3.3). Final N concentrations in S.
alterniflora tissues were highest with 5.0 ppt salinity and HN (10136 mgkg-1 ± 584, p
<0.0001) and the lowest at the 18 ppt salinity with LN (7887 mgkg-1 ± 648). The
concentrations of N in J. roemerianus tissues was highest with 5.0 ppt salinity and HN
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(7613 mgkg-1 ± 416, p = 0.0011) and the lowest N concentration measured in the 5.0 ppt
salinity with LN (5564 mgkg-1 ± 486). Phosphorus concentrations in S. alterniflora
tissues at harvest were the highest across all salinities with LN treatments (p < 0.0001)
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Table 3.3. Final nutrient concentration at harvest in plant shoots, roots, and whole plant.
Salinity

Nutrient

Root: Shoot
Ratio

Tissue

N (mg/kg)

P (mg/kg)

K (mg/kg)

Ca (mg/kg)

Mg (mg/kg)

Zn (mg/kg)

Cu (mg/kg)

Mn (mg/kg)

Fe (mg/kg)

S (mg/kg)

Na (mg/kg)

High

1.02

Low

1.70

High

0.78

Low

1.53

High

0.93

Low

1.01

Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole

9098 (350)
5654 (231)
7387 (163)
6280 (462)
6338 (777)
6240 (543)
9060 (541)
5686 (430)
7613 (416)
6294 (298)
5116 (558)
5564 (486)
8792 (655)
5766 (322)
7419 (416)
7192 (200)
4366 (404)
5830 (366)

844 (48.3)
708 (36.5)
776 (39.7)
758 (33.6)
762 (58.9)
758 (46.1)
792 (34.2)
696 (19.4)
749 (19.8)
830 (32.6)
791 (29.5)
813 (22.8)
816 (51.3)
735 (25.9)
786 (27.4)
919 (85.0)
888 (47.3)
920 (46.3)

12068 (557)
11557 (558)
11830 (476)
9024 (691)
11823 (915)
10876 (706)
10543 (661)
12115 (573)
11205 (523)
8693 (411)
11051 (707)
10099 (590)
10364 (297)
11727 (487)
10965 (314)
9904 (485)
11267 (464)
10500 (368)

2238 (131)
1637 (61)
1931 (58)
3447 (371)
2558 (287)
2858 (176)
2376 (158)
1337 (127)
1938 (115)
2854 (143)
1547 (69)
2063 (83)
2355 (155)
1693 (127)
2015 (44)
2346 (193)
1604 (115)
1958 (88)

1703 (20.4)
2626 (79.6)
2163 (35.2)
2139 (163.6)
2755 (104.6)
2517 (78.9)
3067 (481.9)
3187 (125.3)
3111 (307.8)
3434 (497.2)
3021 (142.7)
3184 (204.0)
3699 (688.7)
3790 (198.7)
3709 (383.6)
3667 (571.2)
3475 (225.3)
3577 (345.3)

38.8 (3.83)
42.8 (5.20)
40.9 (3.63)
40.6 (2.95)
43.3 (1.41)
42.2 (1.43)
41.5 (3.48)
45.9 (4.41)
43.3 (3.73)
42.6 (3.97)
43.4 (1.31)
43.0 (2.24)
42.5 (5.93)
41.3 (2.80)
42.3 (4.07)
37.7 (3.64)
44.9 (3.80)
41.1 (3.51)

7.04 (0.60)
13.85 (1.45)
10.44 (0.79)
7.87 (0.48)
27.91 (1.61)
20.38 (1.83)
7.60 (1.08)
28.72 (7.67)
17.21 (3.76)
7.41 (0.29)
23.06 (3.14)
16.25 (1.20)
6.39 (0.09)
19.03 (1.68)
12.26 (0.72)
6.23 (0.58)
16.21 (0.92)
11.02 (0.95)

54.6 (5.86)
29.6 (3.23)
42.2 (4.25)
48.3 (6.96)
27.4 (3.95)
35.1 (2.27)
57.9 (8.99)
39.9 (6.96)
49.7 (7.20)
65.5 (5.61)
30.6 (2.79)
45.0 (4.31)
67.4 (10.67)
41.2 (7.11)
55.4 (8.67)
65.9 (7.09)
33.5 (3.79)
50.9 (6.40)

35.7 (3.44)
124.9 (7.55)
80.3 (4.95)
82.4 (14.83)
234.5 (22.17)
174.9 (18.89)
32.9 (2.19)
235.3 (36.77)
120.5 (16.64)
37.2 (1.09)
171.6 (12.27)
116.9 (10.89)
33.3 (2.44)
261.1 (36.35)
139.2 (17.63)
28.4 (1.52)
215.5 (20.29)
114.0 (2.41)

2317 (347)
1587 (43)
1963 (177)
2059 (102)
1571 (94)
1766 (55)
2861 (419)
1881 (71)
2427 (249)
3013 (372)
1771 (50)
2295 (150)
3268 (417)
2250 (108)
2781 (249)
3105 (317)
2105 (66)
2648 (176)

5088 (404)
4880 (164)
5000 (169)
7237 (1066)
4185 (513)
5366 (287)
11421 (2072)
7821 (230)
9772 (1273)
11367 (1863)
6959 (275)
8925 (697)
13548 (2140)
12603 (264)
13113 (1089)
14456 (2108)
11777 (709)
13287 (1204)

Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole
Shoots
Roots
Whole

9936 (906)
7872 (372)
8845 (589)
8016 (575)
8629 (190)
8341 (291)
11218 (701)
9370 (558)
10136 (584)
8576 (274)
7938 (477)
8098 (242)
9722 (771)
9044 (354)
9208 (304)
7748 (653)
8098 (698)
7887 (648)

980 (76.3)
697 (35.0)
827 (40.3)
1351 (79.3)
879 (90.4)
1043 (54.5)
807 (36.3)
584 (45.9)
675 (39.0)
1332 (75.3)
833 (52.0)
1010 (55.6)
951 (59.8)
578 (34.5)
750 (36.6)
1110 (80.1)
803 (84.2)
952 (70.2)

25000 (1731)
12640 (1043)
18367 (995)
17810 (1156)
11836 (412)
14026 (479)
21072 (902)
14556 (896)
17266 (506)
17733 (828)
15328 (971)
16162 (380)
15386 (498)
15516 (690)
15439 (560)
13730 (716)
18791 (1120)
16228 (861)

3482 (86)
1712 (186)
2529 (132)
3889 (208)
2396 (150)
2956 (121)
3513 (149)
1281 (140)
2194 (92)
3344 (85)
1464 (168)
2156 (168)
3505 (258)
1409 (85)
2406 (190)
4588 (313)
1692 (203)
3118 (170)

2655 (254.3)
2115 (141.1)
2357 (165.8)
2865 (105.4)
2371 (131.6)
2544 (84.7)
4511 (483.5)
3871 (212.2)
4111 (130.1)
4771 (154.2)
3681 (91.9)
4107 (87.9)
5298 (312.8)
5389 (338.3)
5371 (311.1)
8059 (468.3)
4956 (433.7)
6547 (401.5)

50.2 (4.37)
59.6 (3.48)
55.2 (2.82)
42.8 (1.99)
60.4 (4.98)
53.2 (3.10)
67.0 (5.33)
50.4 (4.50)
56.9 (3.17)
52.5 (5.14)
66.1 (8.34)
59.8 (4.07)
60.6 (4.51)
39.7 (5.22)
49.8 (3.89)
63.8 (9.51)
46.7 (6.62)
55.1 (7.09)

7.34 (0.61)
20.21 (2.28)
14.10 (1.32)
9.74 (0.53)
39.16 (4.35)
27.03 (3.17)
9.76 (0.91)
25.07 (1.93)
18.77 (1.54)
9.90 (0.61)
33.30 (2.14)
24.26 (0.83)
11.93 (1.51)
30.39 (6.26)
22.52 (4.98)
7.80 (0.71)
30.22 (5.70)
19.41 (3.93)

75.6 (5.95)
40.5 (3.72)
57.0 (4.07)
79.6 (6.90)
43.9 (6.41)
55.9 (3.38)
90.2 (4.86)
52.5 (3.53)
68.1 (2.15)
87.2 (9.48)
36.7 (3.52)
54.9 (3.68)
73.6 (10.25)
29.6 (3.92)
49.5 (4.65)
60.8 (6.12)
47.6 (10.02)
54.0 (7.36)

71.0 (4.57)
328.9 (61.51)
206.8 (36.13)
116.8 (7.19)
417.7 (58.92)
288.6 (29.94)
67.5 (3.35)
328.6 (53.03)
220.9 (30.45)
77.6 (3.71)
307.4 (46.21)
217.0 (25.63)
64.7 (6.29)
374.3 (59.42)
233.2 (39.98)
58.4 (3.10)
387.2 (89.14)
228.7 (55.34)

3310 (226)
2195 (248)
2703 (210)
3194 (304)
2350 (218)
2619 (127)
4820 (577)
2427 (242)
3394 (345)
4544 (187)
2746 (195)
3401 (160)
4732 (150)
3299 (210)
3992 (114)
7548 (206)
4429 (370)
5998 (232)

9205 (1025)
3444 (107)
6127 (507)
11453 (795)
3848 (718)
6828 (866)
15893 (1434)
7472 (357)
10898 (644)
21657 (1357)
9919 (496)
14408 (1144)
23346 (1358)
16546 (1348)
20017 (1045)
38738 (2132)
16548 (1938)
27510 (2155)

Juncus roemerianus
0.5 ppt

5.0 ppt

18 ppt

Spartina alterniflora
0.5 ppt

5.0 ppt

18 ppt

High

1.15

Low

1.61

High

1.44

Low

1.77

High

1.22

Low

1.03
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and the lowest at 5.0 ppt salinity with HN (675 mgkg-1 ± 39.0). Final P concentrations in
J. roemerianus as a whole plant were the highest at the 18 ppt salinity with LN (920
mgkg-1 ± 46.3, p <0.0001) and lowest at the 5.0 ppt salinity with HN (749 mgkg-1 ±
19.8). In both plant species, the treatment with highest final N concentrations fixed in
tissues also had the lowest P concentrations.
Table 3.4. Influence of main effects (salinity and nutrient) and their interaction on final
tissue concentrations (N, P, K, Ca, Mg, Fe, and Na) in whole plants of Spartina
alterniflora.

N
P
K
Ca
Mg
Fe
Na

Salinity
p-value
0.4216
0.1543
0.4286
0.0007***
<0.0001***
0.7461
<0.0001***

Nutrient Level
p-value
0.0028**
<0.0001***
0.0089*
0.0061*
0.0239*
0.4327
0.0005***

Salinity *Nutrient Level
p-value
0.2868
0.3741
0.0029**
0.0581
0.0370*
0.4299
0.0288*

Table 3.5. Influence of main effects (salinity and nutrient) and their interaction on final
tissue concentrations (N, P, K, Ca, Mg, Fe, and Na) in whole plants of Juncus
roemerianus.

N
P
K
Ca
Mg
Fe
Na

Salinity
p-value
0.8456
0.0495*
0.3434
0.0007***
0.0002***
0.7731
<0.0001***

Nutrient Level
p-value
<0.0001***
0.0478*
0.0559
0.0006***
0.6489
0.0583
0.8904
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Salinity *Nutrient Level
p-value
0.5631
0.1215
0.8096
0.0002***
0.6537
0.0004***
0.7712

J. roemerianus absorbed more net N (p < 0.0050) and P (p < 0.0001) than did S.
alterniflora (Table 3.6). Most of the N (p <0.0115) and P (p < 0.0025) were fixed within
shoot tissues in J. roemerianus and distributed similarly across roots and shoots in
Spartina alterniflora. Nitrogen uptake in S. alterniflora was similar across salinity (p <
0.2349). Net P uptake in S. alterniflora was lower at the 0.5 and 5.0 ppt with HN than in
the other treatments (p = 0.0119). Brown et al. (2006) reported that S. alterniflora under
high salinity had less shoot uptake of N and P than plants in lower salinity, however, no
differences were found in N (p = 0.0736) and P (p = 0.1076) shoot uptake in S.
alterniflora across salinities in this study.
No clear pattern of K uptake or translocation were apparent, regardless of salinity
or nutrient level. A similar K uptake was observed across all treatments in J. roemerianus
(p = 0.5681) and S. alterniflora (p = 0.2811). Other studies have found a negative
association between K uptake and salt tolerance, however no changes in K absorption
were observed in this study as influenced by higher salinity (Glenn et al., 1996).
Net Ca uptake by J. roemerianus was the highest at the 0.5 ppt salinity with LN (p
= 0.0042). In S. alterniflora, Ca was highest at the 18 ppt salinity with LN (p = 0.0314).
Calcium in S. alterniflora was always found in greater concentrations in the shoots.
Calcium plays an important role in plant’s salt tolerance by maintaining functional
integrity of plant cell membranes (Tuna et al., 2007), stabilizing cell wall structures
(Neves-Piestun & Bernstein, 2001), facilitating K+/Na+ selectivity (Liu & Zhu, 1997),
and function as a stress signal that leads to adaptation (Knight et al., 1997).
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Table 3.6. Normalized (final minus initial) nutrient mass in plant shoots and roots at the end of the experiment (mgplant tissue-1).

Salinity

Nutrient

Tissue

N

P

K

Ca

Mg

Zn

Cu

Mn

Fe

S

Na

Shoots
Roots
Shoots
Roots
Shoots
Roots

26.20 (3.60)
13.02 (2.72)
12.53 (3.82)
24.87 (9.98)
24.42 (3.83)
7.05 (1.20)

2.38 (0.37)
1.11 (0.33)
1.71 (0.57)
2.21 (0.75)
2.04 (0.30)
0.33 (0.13)

32.92 (4.04)
26.67 (4.64)
17.69 (6.29)
42.15 (10.77)
25.45 (2.90)
16.18 (2.18)

6.40 (0.97)
2.81 (0.83)
8.93 (2.64)
10.13 (3.84)
6.79 (1.78)
0.28 (0.46)

5.27 (0.55)
7.40 (0.99)
5.95 (1.72)
12.00 (3.42)
8.99 (0.75)
6.16 (0.68)

0.11 (0.02)
0.10 (0.02)
0.10 (0.03)
0.16 (0.05)
0.11 (0.00)
0.07 (0.01)

0.02 (0.00)
0.03 (0.01)
0.02 (0.01)
0.12 (0.03)
0.02 (0.00)
0.05 (0.02)

0.17 (0.03)
0.06 (0.01)
0.14 (0.05)
0.08 (0.02)
0.17 (0.03)
0.06 (0.02)

0.09 (0.02)
0.23 (0.06)
0.20 (0.06)
0.89 (0.21)
0.08 (0.02)
0.41 (0.14)

7.38 (1.98)
4.05 (0.70)
5.36 (1.52)
6.00 (1.55)
8.13 (0.69)
3.15 (0.47)

15.33 (2.56)
12.07 (2.40)
21.17 (7.43)
14.12 (3.68)
32.53 (3.99)
14.35 (1.39)

Low

Shoots
Roots

12.80 (4.76)
12.94 (4.02)

1.83 (0.57)
1.60 (0.26)

15.05 (4.56)
28.59 (5.99)

6.68 (1.89)
2.91 (0.86)

9.38 (2.66)
9.90 (1.79)

0.10 (0.03)
0.12 (0.02)

0.02 (0.01)
0.07 (0.02)

0.18 (0.05)
0.08 (0.02)

0.07 (0.03)
0.45 (0.10)

7.77 (2.12)
5.22 (0.83)

31.83 (10.03)
21.22 (2.55)

High

Shoots
Roots

24.49 (6.92)
9.78 (2.39)

2.17 (0.57)
0.83 (0.44)

25.68 (6.28)
21.64 (7.43)

6.51 (1.62)
1.85 (0.67)

11.92 (3.00)
9.64 (2.24)

0.12 (0.03)
0.07 (0.02)

0.02 (0.00)
0.03 (0.01)

0.22 (0.06)
0.08 (0.02)

0.07 (0.02)
0.52 (0.10)

10.20 (2.46)
5.27 (1.31)

43.88 (10.86)
33.86 (8.03)

Low

Shoots
Roots

20.50 (5.93)
6.63 (2.11)

2.69 (0.62)
1.44 (0.42)

26.59 (5.36)
21.21 (4.76)

7.20 (2.24)
1.91 (0.48)

13.62 (4.28)
9.01 (1.10)

0.11 (0.02)
0.09 (0.01)

0.02 (0.00)
0.03 (0.01)

0.23 (0.05)
0.07 (0.01)

0.07 (0.03)
0.45 (0.08)

10.90 (3.23)
5.09 (0.78)

54.49 (17.89)
32.45 (5.08)

High

Shoots
Roots

11.54 (1.49)
9.99 (2.80)

0.97 (0.20)
0.71 (0.27)

36.51 (5.90)
20.01 (4.45)

4.75 (1.11)
0.77 (0.32)

3.71 (0.73)
2.99 (0.66)

0.06 (0.01)
0.08 (0.03)

0.01 (0.00)
0.02 (0.00)

0.08 (0.01)
0.01 (0.02)

0.08 (0.02)
-0.03 (0.02)

4.32 (0.82)
2.54 (0.54)

12.62 (2.60)
4.38 (1.39)

Low

Shoots
Roots

5.81 (1.60)
13.40 (4.33)

1.15 (0.33)
1.16 (0.41)

18.16 (4.20)
21.13 (6.44)

3.88 (0.88)
2.74 (1.13)

2.94 (0.52)
3.91 (1.10)

0.04 (0.01)
0.10 (0.04)

0.01 (0.00)
0.07 (0.03)

0.06 (0.02)
0.02 (0.01)

0.11 (0.03)
0.21 (0.16)

2.89 (0.63)
3.31 (1.10)

11.68 (1.87)
4.76 (1.28)

High

Shoots
Roots

9.25 (1.36)
11.45 (2.54)

0.37 (0.15)
0.37 (0.13)

20.61 (2.40)
21.71 (4.63)

3.19 (0.65)
-0.11 (0.28)

5.04 (1.26)
5.75 (0.61)

0.07 (0.01)
0.05 (0.01)

0.01 (0.00)
0.02 (0.00)

0.07 (0.02)
0.02 (0.01)

0.04 (0.01)
-0.05 (0.07)

4.80 (1.12)
2.83 (0.73)

17.03 (3.21)
10.79 (1.39)

Low

Shoots
Roots

7.82 (0.70)
14.18 (1.63)

1.30 (0.19)
1.42 (0.24)

20.53 (2.38)
33.16 (3.55)

3.62 (0.32)
1.28 (0.54)

6.16 (0.37)
8.28 (1.15)

0.06 (0.01)
0.12 (0.01)

0.01 (0.00)
0.06 (0.01)

0.08 (0.01)
0.02 (0.01)

0.07 (0.01)
0.14 (0.02)

5.34 (0.33)
5.36 (0.86)

28.74 (2.83)
22.28 (2.27)

High

Shoots
Roots

15.44 (3.94)
15.31 (3.29)

1.42 (0.51)
0.66 (0.22)

27.66 (7.45)
29.99 (4.55)

6.41 (1.89)
0.76 (0.38)

11.37 (3.32)
11.25 (2.09)

0.11 (0.03)
0.05 (0.01)

0.02 (0.01)
0.04 (0.01)

0.10 (0.03)
0.00 (0.01)

0.09 (0.02)
0.20 (0.01)

9.18 (2.47)
5.77 (0.84)

50.46 (14.08)
33.65 (3.03)

Low

Shoots
Roots

10.87 (1.68)
10.80 (1.74)

1.58 (0.25)
0.95 (0.21)

22.41 (3.52)
32.84 (3.01)

8.00 (1.03)
0.92 (0.22)

15.55 (1.81)
8.82 (0.92)

0.10 (0.01)
0.05 (0.01)

0.01 (0.00)
0.04 (0.01)

0.07 (0.01)
0.02 (0.02)

0.07 (0.01)
0.14 (0.01)

14.23 (2.07)
7.30 (0.80)

75.24 (7.94)
29.75 (1.57)

Juncus roemerianus
0.5
High
Low
5

18

High

Spartina alterniflora
0.5

5

18
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Magnesium uptake increased with salinity for S. alterniflora and was not
influenced by nutrient level. In J. roemerianus, Mg concentrations were also the highest
at 18 ppt, but seemed influenced by nutrient concentrations, showing higher Mg
concentrations in the LN treatments across salinities.
Sodium uptake in S. alterniflora and J. roemerianus increased linearly with
salinity exposure. Highest Na uptake was a the 18 ppt salinity with LN in S. alterniflora
and J. roemerianus. Net Na uptake was higher in the shoots than in the roots. According
to Glenn et al., (1996) there is a positive correlation between the uptake of Na and level
of salt tolerance, which is consisted with the results obtained in this study as all plants
presented similar growth across all salinities.
3.5 Aqueous nitrogen removal
Total nitrogen concentrations in solution were reduced across all treatments in both
Juncus roemerianus and Spartina alterniflora (Table 3.7 and Figure 3.6). Total nitrogen
effluent concentrations were lower in FTWs established with J. roemerianus than those
with S. alterniflora (p < 0.0033). In J. roemerianus, the most TN remained in solution
with the 18 ppt salinity and HN treatment (0.082 mgL-1; p < 0.0001). In S. alterniflora,
the most removal of TN from solution occurred in the 5.0 ppt salinity with high nutrient
(0.028 mgL-1 ; p < 0.0044). Removal efficiency of TN load was high across all
treatments, ranging from 93 to 99% in FTWs with J. roemerianus and 87 to 99% in
FTWs with S. alterniflora (Table 3.8). Mean TN load removed was influenced by salinity
(p <0.0098) and nutrient level (p < 0.0001). More than 99% of the TN load was removed
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in the presence of J. roemerianus at 5.0 ppt salinity and HN (p < 0.0001). For S.
alterniflora treatments, TN load removal was not influenced by salinity (p < 0.2605), but
only by nutrient level (p < 0.0001). High TN load removal efficiencies were observed
across all salinities with HN level, with lower removal efficiencies observed in LN
treatments. Effluent TN concentrations were all, regardless of salinity or nutrient
treatment, within the estuarine eutrophication guidelines (i.e., 1.0 mgL-1 TN) (Bricker et
al., 1999) and the allowed concentrations by EPA for TN in lake and reservoir waters
(i.e., 0.37 mgL-1 TN) (USEPA, 2000).

Table 3.7. Mean initial and final concentrations (mgL-1) in floating treatment wetlands.
Levels not connected by the same letter are significantly different (analyses were
conducted by plant species).
Juncus roemerianus

Spartina alterniflora

TN

TP

TN

TP

(mgL-1)

(mgL-1)

(mgL-1)

(mgL-1)

2.075 (0.06)

0.283 (0.02)

2.075 (0.06)

0.283 (0.02)

0.5

0.042 (0.01) b

0.021 (0.01) abc

0.085 (0.03) ab

0.026 (0.01) b

High
Influent
Effluent

5

0.023 (0.00) b

0.012 (0.00) c

0.028 (0.00) b

0.011 (0.00) b

18

0.082 (0.02) a

0.024 (0.00) ab

0.129 (0.04) a

0.040 (0.01) ab

0.406 (0.03)

0.085 (0.01)

0.406 (0.03)

0.085 (0.01)

0.5

0.039 (0.00) b

0.015 (0.00) bc

0.083 (0.02) ab

0.031 (0.01) ab

5

0.022 (0.00) b

0.013 (0.00) c

0.037 (0.01) b

0.035 (0.02) ab

18

0.045 (0.00) b

0.026 (0.00) a

0.074 (0.02) ab

0.057 (0.01) a

Low
Influent
Effluent
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Spartina alterniflora

Juncus roemerianus

Figure 3.6. Nitrogen remaining in solution after two-week exposures in microcosms
containing floating treatment wetlands planted with Juncus roemerianus or Spartina
alterniflora as influenced by salinity and nutrient concentration.
Table 3.8. Mean load removed and removal efficiency for total nitrogen (TN) and total
phosphate (TP) after a 2-week period in the floating treatment wetlands.
Juncus roemerianus

0.5 ppt
5.0 ppt
18.0 ppt

Spartina alterniflora

TN

TN

TP

TP

TN

TN

TP

TP

Nutrient

(mgplant)

% removed

(mgplant)

% removed

(mg·plant)

% removed

(mgplant)

% removed
76.0 b

Low

0.87 (0.04)

93.3 cd

0.18 (0.03)

85.9 b

0.85 (0.05)

87.0 c

0.16 (0.02)

High

5.54 (0.14)

98.8 ab

0.76 (0.04)

95.3 a

5.53 (0.14)

97.5 a

0.76 (0.04)

93.8 a

Low

0.70 (0.05)

94.4 c

0.11 (0.01)

83.0 b

0.73 (0.06)

91.3 bc

0.08 (0.03)

74.5 b

High

4.88 (0.24)

99.2 a

0.67 (0.05)

96.6 a

4.86 (0.24)

99.0 a

0.67 (0.05)

97.0 a

Low

1.07 (0.07)

92.8 d

0.16 (0.02)

75.4 c

1.09 (0.07)

89.5 c

0.12 (0.02)

54.0 c

High

5.31 (0.14)

97.4 b

0.67 (0.05)

93.3 a

5.19 (0.16)

95.9 ab

0.64 (0.05)

90.6 a
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3.5.2 Phosphorus removal
Phosphate phosphorus (PO4-P) concentrations in solution also declined in the
presence of both J. roemerianus and S. alterniflora (Figure 3.7). Like trends in TN
reduction, J. roemerianus facilitated greater PO4-P reductions than S. alterniflora (p <
0.0016). PO4-P concentrations were reduced the most in FTWs established with J.
roemerianus grown in the 5 ppt salinity with HN (0.012 mgL-1; p <0.0051). Total PO4-P
load removal in the presence of Juncus roemerianus ranged from 75 to 97% and from 54
to 97% for S. alterniflora (Table 3.9). Removal of PO4-P was influenced by salinity (p <
0.0204 and p < 0.0098) and nutrient level (p < 0.0001 and p < 0.0001) in J. roemerianus
and S. alterniflora.
In the presence of J. roemerianus, PO4-P removal efficiency was the highest with
HN across all salinities. The lowest PO4-P removal efficiency with J. roemerianus was at
the 18 ppt salinity with low nutrient (75%). For S. alterniflora, PO4-P load removal
efficiency was similar for all salinities with HN, but with LN, PO4-P removal efficiency
in 18 ppt (54%) was lower than other salinity treatments (p < 0.0001).
Effluent PO4-P concentrations were low enough to follow estuarine
eutrophication guidelines for TP (i.e., 0.1 mgL-1 TP) (Bricker et al., 1999). In the
presence of S. alterniflora in both high and low nutrient at 18 ppt salinity, effluent PO4-P
concentrations were slightly above the TP allowed average concentration by USEPA
(2000) in lake and reservoir waters (i.e., 0.036 mgL-1 TP).
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Figure 3.7. Phosphate (PO4-P) concentrations over time within water samples collected
from floating treatment wetlands vegetated with Juncus roemerianus and Spartina
alterniflora as influenced by salinity and nutrient concentration.
Cumulative load removal of TN ranged from 93 to 99% with J. roemerianus and from 87
to 99% with S. alterniflora. Cumulative TP removal with J. roemerianus ranged from 78
to 97% and with S. alterniflora from 56 to 97% (Table 3.9). Daily N and P daily removal
rates (1.8-14.2 mgm2day N and 0.2-2.0 mgm2day P) in this study were lower or on the
lower end of the range of those observed in FTWs in freshwater systems (Table 3.10)
(White, 2021). In a FTWs study conducted for 3 years in freshwater systems FTWs daily
N removal rates were from 9.5 to 35.8 mgm2day, and P daily removal from 2.61 to 10.4
mgm2day (White, 2021). The time of establishment of the FTWs in this study (10
weeks) did not allow plants to reach their maximum size to compare with fully grown
plants in the other study. Daily removal rate will greatly depend on the N and P nutrient
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load of the influent, however, both J. roemerianus and S. alterniflora demonstrated to
have high daily removal rates.

Table 3.9. Cumulative load removal for total nitrogen (TN) and total phosphate (TP) in
the floating treatment wetlands established with Juncus roemerianus and Spartina
alterniflora at the end of the experiment (after 10 weeks), as influenced by salinity and
nutrient concentration.
Juncus roemerianus
Salinity
0.5 ppt
5.0 ppt
18 ppt

Spartina alterniflora

Nutrient
Low

TN
(mgplantexperiment)
4.36 (0.03)

TN
(%)
93.5

TP
(mgplantexperiment)
0.90 (0.01)

TP
(%)
88.2

TN
(mgplantexperiment)
4.27 (0.10)

TN
(%)
86.8

TP
(mgplantexperiment)
0.82 (0.02)

TP
(%)
76.7

High

27.7 (0.09)

98.8

3.79 (0.03)

95.6

27.7 (0.13)

97.5

3.80 (0.01)

94.6

Low

3.50 (0.02)

95.0

0.53 (0.02)

83.1

3.65 (0.08)

92.1

0.40 (0.11)

57.9

High

24.4 (0.10)

99.2

3.34 (0.02)

97.1

24.3 (0.10)

99.0

3.34 (0.02)

97.4

Low

5.33 (0.03)

93.3

0.79 (0.01)

78.3

5.44 (0.16)

89.8

0.60 (0.01)

56.1

High

26.5 (0.23)

97.5

3.37 (0.01)

94.3

25.9 (0.33)

96.1

3.22 (0.09)

90.8

Table 3.10. Daily removal rates (mgm2d-1) for nitrogen (TN) and total phosphate (TP)
for the floating treatment wetlands established with Juncus roemerianus and Spartina
alterniflora, considering a plant density of 36 plants per m2.
Juncus roemerianus
Salinity
0.5 ppt
5.0 ppt
18 ppt

Spartina alterniflora

Nutrient
Low

Daily TN Removal
(mgm2day)
2.24 (0.10)

Daily TP Removal
(mgm2day)
0.46 (0.07)

Daily TN Removal
(mgm2day)
2.20 (0.12)

Daily TP Removal
(mgm2day)
0.42 (0.06)

High

14.23 (0.36)

1.95 (0.10)

14.21 (0.36)

1.96 (0.11)

Low

1.80 (0.13)

0.28 (0.02)

1.88 (0.16)

0.21 (0.08)

High

12.54 (0.62)

1.72 (0.12)

12.50 (0.62)

1.72 (0.12)

Low

2.74 (0.19)

0.41 (0.05)

2.80 (0.17)

0.31 (0.06)

High

13.65 (0.35)

1.73 (0.13)

13.36 (0.41)

1.66 (0.13)

83

Conclusions
Experimental FTWs planted with J. roemerianus and S. alterniflora in brackish
waters effectively removed both TN and PO4-P from water across different salinity and
nutrient load exposures. Total nitrogen removal efficiency was high in all salinity and
nutrient levels (87%– 99%) for both J. roemerianus and S. alterniflora. Phosphate load
removal differed more by plant species, ranging from 75 to 97% with J. roemerianus, and
from 54 to 97% with S. alterniflora.
Both plant species demonstrated high nutrient uptake removal across all salinities
and reduced nutrient concentrations in the water to the point that effluent from the
experiment adhered to environmental guidelines to limit potential for eutrophication of
aquatic ecosystems. Both J. roemerianus and S. alterniflora are suitable species for
application of FTWs in brackish waters, such as stormwater retention ponds.
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CHAPTER 4: SUMMARY AND CONCLUSIONS
The goal of Chapter 2 was to evaluate the salinity tolerance of four plant species
established in floating treatment wetlands (FTWs) exposed to varied salinity levels (0.5,
5.0. and 18 ppt). Plants evaluated were Distichlis spicata, Juncus roemerianus, Spartina
alterniflora and Spartina patens. Overall, plant growth varied in response to salinity
concentrations. Distichlis spicata was sensitive to salinity and presented stress symptoms,
such as leaf wilting, leaf browning, and reduced growth at 5.0 and 18 ppt, compared to
those exposed at 0.5 ppt salinity. Juncus roemerianus was highly impacted by transplant
shock and age specific response of the tissues, combined with salinity, resulting in tissue
necrosis at the 18 ppt salinity exposure. Younger Juncus roemerianus plants, evidenced
by lighter green coloration with less lignification of the stem at the root shoot interface,
were more resilient to salinity stress than were the older plant tissues. Suggesting that for
application in FTWs, the relative maturity of the Juncus roemerianus transplants may
play a key role in performance and survival. Spartina alterniflora plants grew well in all
salinity treatments with very few stress symptoms (i.e., leaf curling), confirming its high
salt tolerance capacity. Spartina patens grew well in all salinities, but presented more
stress symptoms (i.e., leaf chlorosis, leaf wilting and browning) at 5.0 and 18 ppt
exposures.
Total nutrient uptake by plants harvested from the FTWs was influenced by
salinity and differed by plant species. In general, total nutrients removed by plants
decreased with higher salinity in Distichlis spicata, Juncus roemerianus, and Spartina
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alterniflora. However, Spartina patens had the highest total nutrient removal at 18 ppt,
followed by the 0.5 ppt salinity. Salinity stress may impact plant’s ability to uptake
certain nutrients, which could result in lower removal efficiency in FTWs. In this study, P
concentrations were only influenced by salinity in Distichlis spicata. Potassium
concentrations were in Juncus roemerianus and Spartina patens were higher at the 0.5
ppt salinity than in the 5.0 and 18 ppt salinity treatments.
The goal of Chapter 3 was to quantify the nutrient removal efficiency of two plant
species in FTWs established in brackish waters. This study showed the N and P removal
potential of Juncus roemerianus and Spartina alterniflora in FTW applications for
systems with high and fluctuating salinity. The reduction in N and P concentrations was
excellent across all salinity and nutrient exposures, with N and P concentrations reduced
to levels that comply with EPA regulations for lake and reservoir waters and with
estuarine eutrophication guidelines. Plant growth was similar across salinities and
nutrient levels for both plant species, and Juncus roemerianus had a higher biomass
production than Spartina alterniflora. Total nitrogen removal efficiency in the presence
of Juncus roemerianus was the highest at 5.0 ppt salinity with high nutrient (99%), and
the lowest at 18 ppt with low nutrient (93%). With Spartina alterniflora, TN removal
efficiency was also highest at the 5.0 ppt salinity with high nutrient (99%) and the lowest
at 0.5 ppt with low nutrient (87%). Phosphate removal efficiency was most efficient at
high nutrient levels across all salinities in Juncus roemerianus (93-97%), and Spartina
alterniflora (91-94%). Phosphate removal efficiency declined with low nutrient
exposures, resulting in the lowest TP removal efficiency at 18 ppt in Juncus roemerianus
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(75%) and Spartina alterniflora (54%). These results agree with other study in
subsurface wetlands for N and P removal from saline aquaculture, where they found that
removal efficiencies were reduced under low nutrient and high salinity conditions
(Lymberly et al., 2013). Lymberly et al. (2013) had comparable removal of N (87%) and
P (91%) to the ones observed in this study. Removal efficiencies were similar to those
observed in a study using FTWs in saline water using a combination of plant species (8190% TN and 82-90% TP) (Lyu et al., 2020), and also similar to those observed in FTWs
in freshwater systems (38-92% TN and 23-95% TP) (Garcia Chance et al., 2020; X. Li &
Guo, 2017; Di Luca et al., 2019).
In assessing the suitability of plant species for FTWs deployed in brackish waters,
plant age and acclimation periods prior to establishment could also improve plant
adaptation and growth in FTWs exposed to high salinities. Juncus roemerianus did not
survive at 18 ppt salinity in the first study but demonstrated high salt tolerance abilities in
the second study, indicating that the maturity of the plant material (older tissue) used and
transplant shock affected its performance, rather than salinity in the first study.
Plant selection for FTWs applications in brackish waters can aid in nutrient
removal from coastal ecosystems, such as coastal stormwater ponds. Further research
should address large scale and long-term applications of FTWs in brackish waters to
determine long-term accuracy of removal efficiencies at larger scales. Additionally,
evaluation of other salt-tolerant plant species and nutrient uptake dynamics in mixed
planting could expand the knowledge of FTWs use in brackish waters and provide
options for their application in different regions. FTW applications need to consider
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regional adaptability, preference for native species, and aesthetics when making
recommendations for FTWs use in high-visibility applications.
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A: Net nutrient uptake within the whole plant, shoot, and root tissues (mg per plant by tissue−1) after 7 weeks growth in Experiment 1.
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